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ICING OF AIRCRAFT AND MEANS OF COMBATTING IT. ;

0. K. Trunov.

Page 2.

The book acquaints the reader with physical and tneoretical
bases of the process of iciny, meteorological conditions, which call
this phenomenon in fligat, and by the contemporary thermal and
chemical means of deicing (de~1cingy systeas), that are applied on

passenger aircraft and helicopters.

In the book are examined also the methods of the selection of
the basic parameters and caiculation of the apti-icing electro- and
air-heat systems; the effect ot deyree and form of icing on aircraft
performance and technique of its piloting; the methods for aircraft
testing in flight under coaditions of icing and special

feature/peculiarity of icing at rest of aircraft on the earth/ground.

The information given in tne wvook, which relates to the practice
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of flights under conditions of 1cing, and the presentation of
remaining material on tahe vasis or simple mathematical apparatus,
makes it possible to reccamend tae book not only aeronautical
engineers, workers of desiyn ourLeaus and scientific research
organizations, but alsc to tecanical flight personnel, vhich operates

aircraft and helicopters.

Page 3.

Preface,

With the phenomenon of ice formation on the surface of aircraft
the aviation for the first time clashed in the period when

systematically began to be fulrilled flights in cloudiness.

Ice hazard consists in deterioration in the aerodynamic
characteristics and fliybt aircrart quality/fineness ratios,
reduction in the lift eftectiveness of wing, increase in the head
rasistance, in deterioration iu tne stability and controllability.
Besides this icing can cause the railure of the series/row of the
most important aggregates/units and instruments and finally which is
especially isportant, to upset tne operation cf engines. Experiment

of jet flights showed that tor turboja2t engines is required the

ef fective anti-icing protection.

T e
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In spite of the apparsnt specaficity and the narrowness of the

e

problem of icing, it encompasses a large quantity of diverse

questions from the region ot physics, meteorclogy, aerodynamics,

thermodynamics, construction and operation of aircraft.

gt Sl T

Initially primary attention was given to the so-called passive

method of deicing, whicn was bpeiny reduced to the tendency to avoid

i e e e Ll i i S

TR

in flight of such metecrological conditions which can cause icing.

However, obvious insufficiency and inadequacy of this method already
f in the beginning of the JU's wmade it necessary to turn to the

development of the special devicessequipment, shielding aircraft from !

e e,

; icing.

i

The examination of tne problem of aircraft icing as a whole was

AN ARG

for the first time made in tanat published in Soviet authors* 1938
book ®"icing of air vessels" [24], and then in that left year after to f

N. V. Lebedev'’s work [ 10].

Subsequently in Soviet press/printing it did not appear the

analogous generalizing works.

The first deicers were distant from perfection and they provided
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only the execution of snort-tera Llight under conditions of weak

icing.

Page 4.

FPurther rapid develiopment or aviation technology, task of
operating the aircraft under any meteorological conditions (creation
of the so-called "all-weatner® aarcraft) made it necessary to pay the
most serious attention to deveiopment and design of effective and

reliable de-icing systeas.

Por the resolution of this task was carried out large number of
investigations and works noth in tae Soviet Union (A. Kh. Khrgian, I.
G. Pchelko, A. S. Zuyev, N. P. Fomin, R. Kh. Tenishev, L. M. Levin,
I. P, Mazina K. Ye. Polisacnux, P. K. Dushkin, M. F, Belov et al.)
and abroad (F R,S.Taylcr, M.ulauert, I, Langauir, M.Tribus, N, Bergrun,

1,S.Serafini, I. K.Hardy, D. Fraser, R D.Crick, R.L.Messinger, etc.).

At present all aircratt, as a4 rule, are equipped by

devices/equipment for protection trom icing.

However, in spite ot tae exteat of outfitting of aircraft,
sharply increased in last 10-15> years, with anti-icing means and

increase in their effectiveness, icing, as is shown by experiment,
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continued to remain the tactoc on which depends substantially the ﬁ
i
k

safety and the regularity ot riiyats,

This work does not preteud tv the comprehensive presentation of ﬁ
all sides of the theme of aircrart icing, that at present virtually

it cannot be made in the size ot one book. The author only made the

s o e

attempt to very briefly present tane complex of the most basic
questions, connected with this proovlem. The knowledge of these i3

questions first of all 1is necessary for aviaticn specialists.

Taking into account aiso that with the proktlem of icing is L 
connected the wide circle or tue workers of aviation equipment f
{pilots, flight engineers, operation engineers, synoptics, students
of aviation V0Z [B¥3us =~ Institute of Higher Education], etc.), the
author attempted to vwrite sucu pook which would be useful for persons

with different profile of work and with different preparation.

The book in significant part is based on the results of
investigations and tests, cariied out by the author during period
1953-1963 in the state scientific research institute of Civil air
fleet. In the book are used also tne foreign materials, assembled by
the author during his parcticipation in the work of the international

conferences, dedicated to the probiem of the icing which took place

in England in 1960 and 1961.
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valuable observations abcut the wanuscript c¢f the book.
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Page 5. ¢

Chapter I. F
’ PHYSICS OF ICING.
u 1. Drop and sublimation icing.

The formationseducation of tne layer of ice on the surface of

! aircraft, streamlined witn air rlow, is caused by the presence in the

atmosphere of water, whica 1s touad ir different state.

In one case ice appears as a result of settling and freezing oa

the aircraft of the smallest arops of water, *"floating” in air and
retaining in the liquid state at minus temparatures. Th2se droplets L
of supercooled water fcrm (Lreguecutly together with ice crystals) ‘
those cloud forms which we observe in cold season. Thera2fore icing of

this type occurs only in fiigyht in the medium, which contains the

supercooled drops (ir cliouds or, tor example, unier conditicns of

freezing rain).

In another case the 1ciny is the consequence of the sublimation

of the water vapor contained in tue atmosphere, i.e., a consejuence

‘g " ‘
! £
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of its transition directly into 1ce, passing liquid phase 1.

FOOTNOTE !, In the courses of physics by sublimation usually is
understood reverse process - the evaporation of solid body. We here
adhere to the terminoloyy, acceptea in the literature on this

question. ENDFOOTNOTE.

It is known that in tne atmosphere the ccndansation of water !
vapor occurs usually or the surrace of the smallest particles weighed Ry
in it - on the so-called condensation nuclei. As condensation nuclei
in the atmosphere serve tae smailest particles of hygroscopic
substances - salts, dust, on wuicn occurs the formationseducation of
embryonic droplets. Condeusation occurs, if elasticity (pressure) of
vapor in the atmosphere exceeds its elasticity above the surface of

embryonic droplets formea on nuclei.

If in air are simultaueousliy condensation nuclei and ice

crystals (or the freezinygy urops), then depending on the

sizes/dimensions of those ana otuers, and also depending on the
1 temperature of air and saturation by its water vapors will occur
either condensation of vapor, 1.2., its transition into liguid state,

or s>ublimation - transition or vapor directly into solid state.

,j Page 6.
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Saturation vapor pressure ncar the surface of ice is less than

above the surface of water. Because of this at sufficiently low minus

temperatures despite the fact that air will nct achieve saturation

state with respect to water (its relative humidity less thar 1000/0),

e b e TR

it can prove to be oversaturaceda apbove the surface of ice and

]
consequently will arise water vapor sublimaticn. This sublimation i
icing can occur in flight of aircraft in the cloudless atmosphere in

such a case, when its surface ou any reasons was preliminarily

covered with the thin (trequeatiy imperceptible for eyes) layer of

ice.

Besides "drop" and suvlimation icing ice formation can occur as
a result of settling on the surface of the aircrafrt of crystals -
phenomenon of "dry" icingy. However, "dry" icing is encountered rarely

and only under some speciiic conditions,

As early as 1937 A. Khe Khrgian [22] showed that of two basic,
qualitatively different torms of icing (drop and sublimation), the

greatest danger for an aircraft represents the first and that the

sublimation icing cannot oe consiaerable. The practice of flights

confirms this and it shows thatr tne cases of serious icing are

; . connected with the incidence/impingyement of aircraft into the mediun,
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vhich contains the supercooled water drops.

2. Supercooled wvater in tae atmosphere.

Any crystalline substance auring heating converts/transfers into
liquid state only at a completeliy specific melting point (and this
pressure) ., From liquid state during cooling down to melting point the
substance again converts/transters into solid state. Under certain
conditions the crystallization oir liquid during cooling can be begun
at temperature considerably lower than melting point. In this case,
as they say, occurs supercooliny or liquid. Experiments show that
vater, for example, can be supercooled to very low minus

temperatures.,

For crystallizing the liyuid dat temperature of its melting is
required the series/row ot the conditions: the presence in liquid of
the nuclei (nuclei) cf the crystallization with which begin the
formation/education ¢f socliu pnase, the continuous removal of the
heat, which is isolated duriny crystallization, and finally, the
temperature of liquid must pe equal to melting point, and in this

case the corresponding fgressutre.

The absence of any from these conditions will lead to the fact

that the liguid at temperature or 1its melting will not be

Y
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crystallized. ,

During cooling crystaliization does not begin evenly in entire
volume of liquid, but it appears in its specific centers as which can
serve the specks, the particles or other substances, and also

finished crystal granules or tais substance.

Page 7.

The presence of such particies (crystallizaticn nuclei) impedes
supercooling liquid. Therefore, tor example, thoroughly purified
vater better yields to supercooliny than not purified. Laboratory
investigations attest to the ract that in the considerable range of
minus teamperatures for crystaliizing supercooled water is necessary
the introduction to it ot the finished crystals of ice. Opinion about
the fact that supercooled water easily is crystallized with agitation
or jolt, apparently, is based on the incorrect experimental setup.
This phenomenon could occur ia such a case, when on the walls of the

container, higher than surface of supercooled water, were formed the

particles of hoarfrost whicn with the agitation of container blew
away from walls and is tallen duown, immediately causing the
crystallization of liquid. Obtaining (in swmall quantities)
supercooled water vwith minus teusperature of 29-49C does not present

serious difficulties. For tnis purpose thoroughly the container,

T S AN A Vo e
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wvhich then is closed by piuy and undergoes cooling down to the
temperature indicated. Supercuuvied water exhilkits large stability to
the different kind of meéchanical erfects, but if we introduce into
container with supercooled water the small piece of ice, then it is

possible to observe the rapiaiy occurring crystallization.

As noted above, the necessary condition of the freezing of water
is the emergence of the npuciei of crystallization. At sufficiently
low temperatures, in the abseuce ot dirt particles the nuclei of
crystallization can arise spoatausously via the random g:roupings of

the molecules of wvater.

Such groupings contiuuously appear and disappear during the
motion of molecules, With a temperature decrease the frequency of
emergence and the sizes/dimensions of these groupings increase until
appears the initial frameworx ot crystal lattice, which subsequently
is the nucleus (nucleus) of crystallization. English researcher Bigy
[28] in 1953 on the basis of the experiments carried out by hia
assumed that the freeziny ot clouu drops at temperature of lcwer than
~209C occurs spontaneously and taat the role of the crystallization

nuclei under these conditions 1s insignificant.

However, this point of view repeatedly was disputed {47 ]. The

ma jority of experiments saows that the crystallization nuclei play

R st 5 R p—tp——

e
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active role in entire obsesLved toaperature range.

The spontaneous emeljeuce of the crystallization nuclei obeys H

T

; the lav of probability and, taeretore, the less the volume of
supercooled liquid, the less tne probability of their appearance.
Laboratory investigations show tndt for the drops of water by
dianeter into several miccons, waich are tound in air in suspension,

the critical temperatur¢, i.9., the temperature, vith which occurs

EEE QW TR X O T

the spontaneous emergence of ice crLystals, composes -40°, -41°C,

i Page 8.

LR AR

A decrease in the temperature in lover than this limit causes the

rapid freezing of drops ¢,

POOTNOTE . Are known data aoovut aven deeper supercooling of drops.
Rau [50) under laboratory conditicas obtained supercooling small/fine

1 drops to -729C. ENDPOOTNOIE.

Rovever, laboratory conditions always more or less differ from
thosae conditions which occur in aature. Therefore at present it is
not possible to indicate tane limiting value of temperature, at which

is possible the existence ot noatrozen wvater drops in the atmosphere

and vhich consequently determines lower temperature boundary of

AP e YOI, 2 O s e W UG | Sy T e ——r— . "r
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icing. Are known the cases ot aircraft icing at high altitudes at
very lov temperatures. Ihus, for instance, it was communicated [54]
about the cases of aircraft iciny above England at the
height/altitude of 1200u-140J0 m at temperature of air fros -61 to

-659C, as a result of vhicn was assumed that the supercooled water in

the atmosphere can exist to teuperature of -65°C,

T
powes:,

The second necessary conuition of the freezing of water is the

! realization of the continuous aeat removal. It is known that with the
freezing 1 g of water occurs the liberation of the
approximately/exeaplarily o0 theras of heat. If crystallization would
occur adiabatically, i.s., witnout heat exchange with the

environment, then the heat isolating during crystallization would

raise the temperature of iiquiu to 0°C and would avoid its further

freezing.

For crystallizing tne i114uid at a specific melting point is

required the constancy ot tnis external rressure. Depending on the

properties of substance, its molecular structure a change in the

LS st 4

pressure affects in different ways the temperature of the
crystallization of liquid. Thus, ror instance, increase in the

external pressure (to a adefinite limit) reduces the freezing point of

vater, This can be explained as zollows. It is known that the

:1 physical properties of water, iu coamparison with the paysical

v R NGy y
i - S Ralh atiias 1 it TR, PR BN
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properties of other substances, uave a series/row of anomalies., In
contrast to many other suostaances the water with freezing is expanded
{(its volume increases wita treezing almost by 100/0); and during
heating (to ¢4°C) is coapressed, waich is connected with changes in
its molecular structure. lhe preseuce of strong externhal pressure
impedes the expansion ¢f water witn freezing and, thus, it reduces
the temperature, with whicn the water converts/transfers into solid

stata.

Under natural conditions, in the atmosphere, the supercooled
E i wvater is found in the fcrim of arcps., The freezing point of the drop

lover than freezing of the same liguid, placed into container,

! moreover this decrease is the runction of a radius of drop. The less
a radius, the lower the temperature, with which occurs the freezing
of drop. This to a certain extent is explained by the existence of

certain boost pressure, caused py the action of surface fila cn drop.

Page 9.

f The value of this pressure 1s directly proportional to surface
tension and it is inversely progortional to a radius of drop.
However, in spite of the very saall sizes/dimensions of drops in

clouds and fogs/mists, thae value ot the boost pressure appearing in

‘J thea is clearly insufficisat tor a decrease in the teamperature of

L e R g 1 e,
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their freezing to the values observed in nature.

Investigations show taat in cloud drops alvays are solutes. In
particular, the chemical aualysis of cloud tests/sasples testifies
about the presence in drops of chlorine ions, moreover with the
decrease of sizes of drops (witnin certain limits) chlorine
concentration increases. Inis tact also contributes to supercooling
drops, since according tc Raoult's law, the presence of solute
reduces freezing point (it i1s known, for example, that the sea water

freezes at lover teaperature, than fresh).

But as a result of the tact tunat the concentration of the
substances dissolved in cloud drops is very small !, its effect on
lovering of the freezing poiant wiii substantially affect only in the
initial stage of the formations/education of drops, since further
increase in the drops due to condensation will lead to the decrease

of the concentration in tnem ot solutes.

POOTNOTE !, A question agovut tue reasons for existence in the
atmosphere readily solubla ot saits up to novw is not coampletely
studied. One should assumc tnat their most probable source - world

ocean. ENDFOOTNOTE.

The basic reason foir the coansiderable supercooling of cloud

o AL e -
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drops is connected, appdieutly, wath the sharp decrease of tha
probability of the appearance of nuclei of crystallization as a
result of small sizes/disensions vt Arops. As noted earlier, at
sufficiently lov temperdatuires 1s possible the emergence of the
spontaneous crystallizacion ot i1i14yuid, moreover with the decrease of
the volume of supercooled liyuid uvecreases the probability of its
crystallization, The decrgase or tne probability of the appearance of
a crystal nucleus in a smaii voiume of drop leads to tne fact that
the cloud drops whose sizaes/uimensions are measured by the hundredth
and thousanths of millimeter, can exist at low minus temperatures in

the liquid state.

To crystallizing tne arops exert the effect and other factors.
To the freezing point c¢i urops exerts influence their initial
temperature. After the emergyence ot crystal nuclei the process of
freezing will depend on rdate ot cooling of drop, since it will occur
due to heat euwission intc tne environment. If we take the drop of
vater vith temperature ot -10°C, taen it is possible to determine
vhich is sufficient to treeze 1/8 parts of the drop so that heat of
fusion isolated in this case would raise the temperature of remaining
part to 0°C and would avoid its turther freezing. As show
exper iments, during rapid cooling the freezing of drops beygins
outside, which makes it possible ror them to interact with th2

anvironment as to crystals aespite the fact that the internal part of

Bt s oall 2 L RIS e R T T e —— powvesyary
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the drops is found even an the lijuid state.

Page 10.

During slow cooling the treeziugy ot drop begins within it, and
complete freezing occurs at lower temperatures, than in the case of

rapid cooling.

Ice formation on tae surtace of aircraft occurs as a result of

the freezing of the encounteriny i1t supercooled water drops.

A guestion about tne reasons ror the rapid crystallization of
the supercooled drops witha theig snock about the wing surface or
about any other aircraft compousnt up to nov is not completely yet
studied. As show experiments, supercooled water exhibits large
stability vith respect to various kinds to mechanical effects;
therefore shocks and joclts vy theaselves do not cause its
crystallization. Above were examined the conditions, necessary for
crystallizing the supercoolea aigquid. If the cloud, in which flies
the aircraft, consists pot only ot the supercooled watar drops, but
also contains ice crystals, or it on the surface of aircraft are at
least smallest traces cr avartrost, then the crystallization of
supercooled vater on the susface or aircraft will occur as a result

of its contact witn ice crystals.

g
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However, also in thne dosceuce of ice crystals the freezing of the

supercooled drops nevertheless cccurs.

The experimental investijatioas of the effect of ultrasound on >
crystallization show that tane ultrasound can accelerate |
crystallization sometimes nuundieus times. Professor A. S. Irisov [8)

assumed that the shocks cr drops aoout the surface of aircraft are i

accospanied by the emeryence ot tne ultrasonic waves which create the :
conditions, favorable for the nucleation of crystallization and

freezing of the supercocied diops.

Finally, one should consiaer that independent of this on the
skin of the aircraft almost always is located a sufficient guantity
of particles of the contaaination and dust which also can serve as
the crystallization nuclei aucsiny incidence/impingement to the
surface of the aircraft of supercooled drops cf water froam the

atmosphere.

3. Ice formation on aircrazrte.

After using the pranciple ot rotation of motion, let us examine

the flow around the wing protiie ot aircraft of air flow, which
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contains the supercooled watal Jdroplets,

As can be seen from Pij. 1.1, th2 airflow, which moves with
subsonic speed, at certain distance before the winj profile is
divided into two flows (usmarcated by line MM), on2 of which passes
on top, another - from pelow wiigy. After profile both flows are
conrected. This separaticn ot f£i0w is caused by the
disturbances/perturbations trow wing, which with the speed of sound
are spread in surroundiny dar in different directions and, including

against flow direction.

Page 11,

With the steady particie aotion of the air, which flows around
about the profile, they move over the specific trajectories - flow
lines. The supercooled water udropiets carried along by the forces of
viscosity of air move at tirst d4is0 over flow lines., To as long as
the flow line is rectilinear, tae trajectory of drop virtually
coincides with it. But 1in tae section where the flow line is bent,
going around profile, the drop movingy/driving along it as a result of
inertia attempts to preserve diiection of its motion and begins to

differ from flov line, beiuy alsplaced towards profile.

If the amount of tne inertial force proves to be sufficient in
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order to overcome the fcices ot viscosity ot air, tnen Jdrop so will
be deflected from flow liue wuicn will clash with wing. But if the
inertial force 1s small, tuen urop insignificantly will be deflected
from flow line and will pass past wing, without depesited on its

sur face.

Not all drops, whica are located in the volume of air, which
corresponds to the midsection or pody, settle on its surface. As this
was for the first time cieariy suown by A. Kh. Khrgian, there is a

specific zone, by the widta o0 waose drops collide tc by wing.

Let us assume that iu tue airtlov, which flows around about the
wing, are contained only very wajor drops. Then, as a result of the
large force of inertia, trajectcry of drops they are almost
rectilinear and almost all aiops, which are lccated before the wing,
will settle on its surface. The wiath of the "zcne of collision" 6,
in this case will apprcdaca a protiie thickna2ss C, and ice

accumulation will occur on large width (section E-E, Fig. 1.2).

When airflow contains onLy saall/fine drops, then their only
small part falls to the winy surtace. Encounter wing there will be
only those drops, which are located from axis M-M at the distances cf

smaller 6,/2.
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Pig. 1.1. Schematic of the rlow around wing profile of air flow,

which contains the supercoolea drups.

Key: (1) . Plow lines. (<¢). Zoue of drops, which deposit on wing

profile. (3). Supercooled drops.
Page 12.

Drops, which are located oeyond taue limits of the "zone of

collision®", as a result oi smaii inertial forces will insutficiently

differ from flow lines they will pass past profile. The width of the
“zone of the collision®" ot such dcops (6,) - small, ice formation
occurs in the narrow sectiou H~d. is feasible the case when drops are
s0 small that their trajectories virtuiually will coincide with flow

lines. Then icing will nct cccur dat all (6=0).
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Under actual conditioas 1u air usually there are drops of quite
different sizes/dimensicns. lueretore, for examrle, larye drop, which
is located at point B, cau clash with the wing surface, and small
drop despite the fact that 1t 1s located at point D, i.e., it is
considerably nearer to axis M-M, 1t will pass past wing. The "zone of
collision®™ (6) in this case will peo determined by the edge

trajectories of major drops.

Besides the size/dzmensiou (wass). of drop and distance 6§, large
role in settlings of drcps on tae wing surface plays the air-stream
velocity. The greater tne speed or the moticn of drops, the greater
their quantity will depcsit on protile per unit time. But an increase
in the velocity also leaus ss®¢ to an increase in the forces of
inertia of drops. If, fcr wxampie, at what speed with profile
collided only the major drops ana the drops, which were being located
at sufficiently close to the distance from the M-M axis, then
with an increase in the velocity as a result of the increase of
inertial forces, the latter can cause settling also small/fine
drops which did not settle earlier. Thus with an increase in the

velocity there occurs a deposit on the wing of even smaller drops

and also drops ever more distant from axis M-M (i.e. grows/rises
value §).

Consequently, a quantity of ice, which is formed per unit time
on the wing surface, 1s proportional to speed ', where n=1.
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Junud moxa 0)
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Pig. 1.2. Flowv lines and trajectory of the drops of different

sizes/dimensions during the tlow around wing fprofile of air flow.

Key: (1). Flow lines. (¢). Trdajectories of drops.

Page 13.

The vertical velocity, 1.e8., the rate of an incidence/drop in the
supercooled cloud drops, 1n couwgaraison with the speed of aircraft, is
so//such insignificant, whicn cam pe disregarded/neglected and
considered drops as locatiay ilL suspensiorn. For example, the vertical
velocity of the drops witn a radius of 10-20 u does not exceed 1-5
cm/s, and only rain drofgs whose radius reaches 0.2-0.5 mm and more,

possass considerable speeds incideances/drops.

If we consider clcua drops as locating in suspension, then it is
obvious that collision with thneus they will test/experience only

front /leading aircraft coapoments. As is shown experiment, in the
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ma jority of the cases ice rormation occurs only on the frontal
aircraft components, turned to tne incident flow, whereas on the
remaining surface of winy, tail assembly, fuselage ice accumulations

occur rarely, for exampie, under conditions of supercooled rain.

Let us examine now as they affect the sizes/dimensions of wing
profile the process of icing. Lt i1s not difficult to see that the
profile of smaller thicknass ices up more intensely than thick
profile. This is explained by tne ract that the separation of flow
into upper and lower pacts proceeds in thick profile on larger fronm
it distance, than in thiu protile. But this leads to the fait that
the forces of air pressure causea by thick wing, which attempt to
change rectilinear moticn of drops, act on drops the more prolonged
time (than in thin profile) and they manage certain part of the drops
to deflect so, that the latter no longer deposit on the wing surface.
Because of this on thick protfile deposits a relatively smaller
quantity of drops, thanm on thin profile. The practice of flights
confirms that the thin winy protiies ice up more intensely than

thick.

As noted, on the wing surtace deposit only the drops, which are
located in certain zone 6(6 - tais is distance at infinity, i.e., in
the undisturbed region, between tne extreme tangential trajectories

of the drops of given sizasdimension). All droplets of this
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size/dimension which are iucluded wvetween extreme trajectories,
encounter wing. The drogliets which are located outside zone, limited
by extreme trajectories, tuey pass by wing. If the cloud, in which
occurs the flight, contains tae droplets of identical sizesdimension,
then the quantity of water, wnich ueposits per unit of the wingspan
per unit time, will be deterwminea by that quantity of water which is

contained in cloud single tuickness with the width, equal to 6.

The extreme tangentiali trajectories of drops determine also the
so-called coefficient or settling (or capture), vwhich is the relation
of a real quantity of watar, deposited on wing, to that quantity of
water which is contained in tae volume of air, passable by wing per

unit time.

Page 14.

If we consider that entire aeposited on the wing surface water
is converted into ice and treezes at impact point, then the quantity
of ice, which is formed per unit time per unit of the length of wing
(icing intensity) can be expressed by the following foramula:

F=EWCV, (1.1}
where J - an icing intensity; E - complete coefficient of the
settling; W - water content of ciouds, i.e., a quantity of water in

the form of drops, which is contained per unit of volume of the air;
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C - profile thickness; I'. -.speed of the undisturbed flow,

It is not difficult to see tnat the co2fficient of settling
E=8/C. Value E in equaticn (1.1) 1s called the complete coefficient
of settling, since it is reidted to entire profile and is determined
entire mass of water, wanican is precipitated per unit of the wingspan.
But furthermore, it is treyueatly necessary alsc to know, what mass
of vater deposits per unit of the arc length of profile. For this is

introduced the concept ot tne so-called local coefficient of settling
E,

Let us designate the distance between two sufficiently close
trajectories of drops in the undisturbed region through Ah (Fig.
1.3). Let these droplets ve nit against wing profile at points A and
B, the distance between waica on tue duct/contour of profile is equal
to ... In this section (y) per unit time is precipitated out the
quantity of vater, equal to \:-1,.1" However, on the unit of arc

length falls the quantity of water, equal to VoUW

It is obvious
that the ratio \/:\/+ will deteiaine icing intensity in section A-B.
This sense during the unlisited approach of the trajectories of drops
(Ah90) in 1limit will be the local coefficient of settling /  Thus,
value / determines the mass ot 1ce, which is formed per unit of the

arc length of profile, and the xnowledge of this value makes it

possible to calculate the aastrivbution of icing intensity along wing
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profile.

The calculation of tue coefficient of settling and zone of ice
accumulation on any body is reduced, as it follows from the
preceding/previous reasouninys, to computation of the trajectories of
thosa drops which encounter this pody. However, the calculaticn of

the trajectories of drcgs reyuires the scluticn of the differential

equations vhich determine the wmotion of drops about body.
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Pig. 1.3. To the deterwmination or the concept about the local

coefficient of settling.

Page 15,

3. Equation of motion cr drops.

As is known, on the boay, streamlined with liquid (or gas), act
the forces of inertia ot the parcticles of the liquid, which move
along the trajectories, which eanvelope body, and the forces of

viscosity of liquid (force ot internal friction).

When the forces of inertia of the particles of the liquid are
small but to comparison with the torces of viscosity of medium, then
can be disregarded/neglected, and then the head resistance of body is
determined by Stokes's formula. For the body, which has the form of

sphere, Stokes's formula takes the form:

F=6arue,
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where F - resisting force to mvtion of the sphere; r - radius of the
sphere; pu - coefficient of tane dJynamic viscosity of the liquid; v -

speed of the motion of sphere Leldtive to'liquid;

Por the water droplets (coaparatively small size/dimensicn),
vhich move in air with low speed, Stokes's formula sufficiently

accurately determines the force ot their head resistance.

In steady plane flcw or the wyuation of motion of drop with the
expression of the force of 1ts resistance by Stokes's formula, it is

possible to write in the torm:

{x . g
m ' :6.-.rn.(l‘— e
dt: ' At

.2

d N . dy
m —= b=ra “ . l' )
! ’ ’ dt

vhere x, y - coordinates or arop in the coordinate system, connected
vith the body: I . V,— components of air-streas velocity; m - mass

of the drop; r - radius ct drop.

Precise integratiom of tne eyuations indicated is impossible,
since i, \,— nonlinear functions of coordinates. Qualitative
analysis and approximate soiution of equations (initially for a
cylinder) were carried cut in tae series/row cf Soviet and foreign

researchers' works [23], (30 ), L 43), [33], [60], etc.
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Equations (1.2) for siamplification in calculations and
determination of criteriais relationships/ratics can be written in

dimensionless forn.

Page 16,

Having used for this exjiression tor the mass of the drop

m =*/3nrgx.
vhere * " density of drop and arter dividing both parts of equation
(.2) on | after conversions we will obtain

(RS

/) ‘\ L ~ .-r ot

roU [ v
"/.\v
, v L . dt

i

\ b

!

vhere rel ”[m — tae paraseter, which characterizes the inertia
of the drop; L - significant diuseansion of the streamliued body; t -

time.

FOOTNOTE ! Paramet2r P in rorelyua ones and in some Soviat scurces

frequently is designated tanrouyn K. ENDFOOTNOTE.

In the dimensionless torm o1 equation (1.3) they can be

converted:

i1 h
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1 14

| ‘

[ vhere E&=x/L and v i — the coordinates of drop, in reference to jf

F the significant dimension or tne oody; >
; o b . r'
‘ and \ —: ratio of components | and !, to the 4

speed of undisturbed flow 1t :

1%
T i‘—-the disensionless time, expressed depending on
size/dimension of L and speed !.. 1.e. time unit is the tinme, i

necessary, 80 that the drop woulu cover a distance of L with a speed i 4

of 1| ..
7' —.respectively the rirst and second derivatives on r. e

In the indicated fora the eyuations were for the first tiame
written by Taylor. The matuematicai expression of any phenomenon r
i ‘ allows, without integratiny dirrerential equations, to come to

2
E light/detect/expose sSoB€ speclidl uimensionless quantities which g

‘ characterize this phenoseuon and serve as the so-called similarity

criteria.

Equations (1.4) show taat under th:= assumption of the validity
of Stokes's formula the tuctors, waich are Jetermining the process of

1cing, are united in Onev Jiavusivniess parametar P, which is the

criterion of similarity cf tme trajectories of drops.
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Page 17, + Y

Expression for paraseter P can be represented in the relation =

p=.’
L
where
9 V_rio
hg " :»g».« .l-—
Latter/last value makes speciric puysical sense: ;. - this distance, |

which will pass the droy on inertia, being it is introduced into

stagnant air with an inatial velocity of Vu'Exptession for 4, it is
f possible to obtain, after ianteyratang the equation ;
av I 4

—m—— =brrpl’,
dt

where2 m - a mass of the drop; Vv - speed of the motion of drop.

Obtained oquations (1.4) are valid, as noted, with the ;i
expression of resisting force vy stokes's forrula. However, for the
sufficiently major drops the speeds of motion of which relative to
air are essential, head resistaunce no longer should be Jetermined
from the formula of Stokes, since this can lead to considerable

errors. .

As is known, the resistany toitce to moticn of body in liquid in i

jeneral can be expressed as

J F - sto‘i.
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wher> S - an area of so-cdlied maximum cross section of the body; p -
medium density; C,— dray coetticient, being function of Reynolds

number.

Expression analyticai iu gesueral torm for this function is

unknown; therefore they usualily use experimental data.

In work of I. P. Mazin | 11]) is brought the empirical tormula
obtained by him of resisting force
F=Fy(1+0,17Re??),
vhere F, - resisting force accordiuy to the law of Stokas;
Re==&?n_»8eynolds numpel rLor a drop vwith a radius of r,

moving/driving with the reiative speed V in medium with kinematic

modulus of viscosity .

Formula reflects weli tne amount of the real force, which acts

on droplet in the range c¢r ke numbers from 0 to 103,
Page 18.

In general, examininy moticu by three-dimensional and utiliiziny

the proposed formula for resistiuy force, the equations of motion of
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drop in dimensionless coordinates &€ 14 § can be written (12]: f!

e “’\.' Vo2 (Rek

s l:‘— '_ .lR(

. ) 3
! \ D ! 15 ‘

1 — / (WA PRSI l it o
' 1

where iy 1 OITRe G -V by Vo Lo s

ve. = _ Reynolds uumoer tur the drop, which moves with speed V..

*

P Sy

As ve see, in this cuse 0f tne trajectcry of drops they are

determsined by already two dliacLsiouless rparameters P and Reg.

Reynolds number Re, serves as the measure for deviation from Stokes'

law of the forces, whicn act on Jyrops. With Reg=0 equation (1.5} they i 4

will be brought to equations (l.4).

S. Coefficient of settliuy ana zoue of ice accumulation.

3 -

Por the calculation ot tne icing intersity of any body is
required the knowledge ¢t tue coefiicient ot settling £. Fros theory 3
' it follows that all factors, wbica are determining precipitating the

] 4 drops on body, can be brouynt to two dimensionless parameters,

so-called criteria of simiiarity ovi the trajectories of drops, namely
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to the inertia parameter 2 anu ueyaolds number Re,,

Frequently as the criteria or similarity of the trajectcries of
drops are utilized other couwbinations of the values, euntering the
exprassions for P and Reyg. For exawple, instead of the second
parameter Re, sometimes 1s dpplied parameter }V: Tfﬁfg‘ where p -
an air density (it is not ditficulct to see that #=Re2,/P). The
us2/application of the parausmet2r # in many instances represents
considerable convenience, since i1t does not depend on the
size/dimension of drops and can oe considered as the function of

height/altitude, since with tuese sizes/dimensicns of body and speed

it depends only on density and viscosity of air.

Of two criteria of siwiiarity of the trajectories of drops the
dominant role plays parameter P, wnich characterizes the inertia of
drops. However, the parameters ¢ and Rey, play smaller role. Their
value determines how redal a forces, which act on droplets during
their motion in air flow, tney udifter frcm the forces, computed from

Stokes's formula.
Page 19,

Since all values, walcu chasacterize precipitating the drops,

are determined by two rarawmeters indicated above, the coefficient of

. mea
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settling E is alsc function P aand # (or Re,). Dependencs of E on P

and ¢ is different for tue boulies of various forams.

The calculation of tae couetricients of settling was initially
carried out for the bodies or a sampler form, than wing profile, and,
in particular, for a cylinder, sibce with known. 7
approximation/approach the winy leading edge can bé\feplaced by
cylinder with the radius, eguas to a radius of the forward section of

the leading edge of an airfoili protile.

The method of replaciny tne wing profile by cylinder with sonme
quantitative errors in cousequence of which subsequently during
calculations of de-iciny systems was connected studied the phenomenon
of the precipitation of arops directly on the wing of aircraft. The
results of these investigyatious susowed that the qualitative side of
this phenomenon and the effect on 1t of different factors remain

identical both for the cylinader ana for a wing profile.

The radiation/emission of tne phenomenon of the precipitation of
drops on cylinder was of practical use also in connection with the
fact that different metecrological instruments, which were being
applied, for measuring the 1cinyg intensity, water content of clouds

and sizes/dimensions of cioud urops, had receivers of cylindrical

form.
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Fig. 1.4 gives grapgh/curve, porrcwed from work [30], which
demonstrates for a round cyiinaer the dependence of the settling E
full of coefficient on jparameter P at different values ¢. Here as the

significant dimension L, <@nteriny parameters P and ¢, serves a radius

of cylinder.

As can be seen from gyrapn/curve, the coefficient of settling

grows/rises with an increase in pairameter P, which will agree with

the physical picture of fnencomeuon examined in § 3.
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Pig. 1.4. Dependence of tne totai coefficient of settling of drops E

on parameter P at the dirferent values of the parameter ¢ for a round

cylinder.

Page 20.

Actually/really, with an increase in the air-stream velocity and with
an increase in the sizesdimension of drops parameter P increases, and
consequently, increases coerticient E, entering formula (1.1), which
is determining icing inteusity. un the other hand, an increase in the
radius of cylinder leads to deciease of P and respectively tc a
reduction in the coefficieut of settling E, which decreases the icing
intensity. However, the increase of parameter P cannot limitlessly

increase E. The coeftficient ot settling, which is determining what

part of the drops from the volume, passable by cylinder, encounters
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the latter, naturally, thare cannot be more than unity, E=1 will be
in that limiting case when ali drogs deposit cn body surface and vhen

value 6 is equal in magnituae to two radii of cylinder.

From graph/curve evideut also that the curves of the coefficient
of settling leave not tne origin or coordinates, but the transverse
axis of abscissas at certain value of P. This it indicites important
the conclusion that with tnat determined P,, the coefficient of
settling is egual to zerc and, tanerefore, the icing of body does not
occur. Thus, the drops, for waicn parameter P<p,, they are not
precipitated out on body. Un the calculations of Langmuir [43] the
precipitation of drops on cylinder occurs if and only if the

paraseter exceeds Pyp=1/8.

For flat/plane plate P, =!, For the wing profile of Zhukovskiy
with the thickness ratio, egyual to 150/0, on the data of L. M. Levin
and N. R. Bergran {12] [<0 ], values P, are within the limits from
0,0049 to 0,0078 with a cnanye respectively in the lift coefficient

¢, from 0 to 0.6.

Dependence on parameters P and ¢ the zone of ice accumulation is
analogous the examined dependence of the coefficient of settling on
these parameters. The zone ot ice accumulation ! on cylinder can be

defined by angle 6, as tnis is shown in Pig. 1.5.
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FPOOTNOTE !. More precisely to speak about the zone of settling drops,
vhich is frequently caliled tae <oue of capfure, since as a result of
the spreading of drops the zZone of ice accumulaticn can be somewhat
more. However, here and supsegyuentiy it is assumed that the drops
freeze at the point of their iucidences/drop i.e., the zone of ice
accumulation it is determiued oy tne tangential trajectories of

drops. ENDFOOTNOTE.

Graph/curve in Fig. 1.6 snows that with an increase in parameter
P the zone of ice accumulation (auyle ) grews/rises and it
approaches its limit, egual to 1.57 radians, which corresponds to

angle in 909,

The determination o1 tne coetricient of settling and zone of ice
accumulation for an arbatrary winy profile is considerably more

complex problem, than for a cylinder.
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Pig. 1.5. To the determination or the concegt of the zone of ice

accumulation on cylinder from anyle 6.
Page 21,

If for a cylinder its fcra, sizes/dimensions and position in flow are
determined only by the radius wnicn enters into parametar P as
significant dimension, thean tor a Qrofile its form, sizes/dimensions
(chord, thickness) and fposition in flow (angle of attack) cannot be
expressed by any characteristic value. In connection with this for
profiles of any type it is unot possible to ottain the overall strict

dependence of coefficient E on parameters P and # (or R2g).

At the same time the study or the precipitation of drops on
different wing profiles sanoweu tndat to the coefficient of settling E
tl.ickness ratio and its anyle or attack exert insignificant effect,

if thickness ratio is witain the lLimits from 9 to 150/0, and angle of

attack from 0 to 4°, This 1t aliowed for a defined class of profiles
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with the accuracy, accegtabie tor practical targets, to count the
coefficient of settling depenyinyg only on parameters P and Reqg. (For
a profile the significaut dimension, entering parameter P, it is

chord) .

The conclusion/output i1naicated was conducted by I. P. Mazin

{12] on the basis of the yeneralization of the series/row of the

calculations, carried out by N. K. Bergran and L. M. Levin 1,

FOOTNOTE 1. It should be notea taat different confiquration of the
leading edge of an airfcil profiie (the so-called completeness of
nose/leading edge) with tne same taickness ratio, of course, amust
affect the precipitation or drogs. This follows from very physics of
phenomenon. However, for the broad class of aviation profiles this
effect both on the complete coefzicient of settling E and to local
coefficient £, near cratical point is small. At the same time on a
change in the local coetfficient or settling in the arc of profile the

configuration of nose/leadiny edgye has considerable effect.
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Pig. 1.6. Dependence of tne zous8 ot ice accumulation 6 on round

cylinder on parameter P at the uirterent values of the parameter ¢.

Key: (1) . rad.
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Page 22.

For the calculations or the 1cing intensity of wing it is
possible to use ths grapn/curve (Fiq. 1.7), borrovwed from worx [12].
Graph/curve is valid in 1angye 1na.cated above of a chanyg2 in the
thickness ratio and angie of acttack of profile. As can be seen fron
graph/curve, the dependeluce oI tas total co2fficient or the settling
of drops for a profile on parameters P and Reg in character is
analogous the dependence, j4iven ain Fiag. 1,4, With Reg<10 the

coefficient of settling E depenus virtually on one parameter P.

Besides coefficient or £ watn the calculation of de-icing
systems, and also in the wxperiuwental measurements of the intensity
of icing it is frequently necessary to know local coefficient / and

especially its value nedr tue critical point of profile.

Calculations show that from value Re, the coefficient of
settling in section near tune ciltvacal point of profile (£, rou)
depends to small degree and tneretore in the first approximation, it

is possible to consider that it 1s the function of one parameter P.
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pependence ... .. OB P Iul a prutile is given in Fig. 1.8 (12).

This graph/curve it is pussivie to use fcr practical calculations.
For a cylinder anaiojous uapeudenc> is snown 1n Fij. 1.9,

Fig. 1.10 depicts a cuange 1a local coefficient in the
duct/contour of cylinder. Vaiues £, deposited/postponed to scale
alonJy the normal to cylinuyer tor different anyles o, decrease from

the maximum value 2jual tw 4t critacal poinrt 0.62, to z2rc at the

angle 8, equal to 57.39,
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Fig. 1.7. Dependence of tue totas co2frficient of settling of drops E

for a profile on pArametels P aud neg.

Paje 213,

Sometimes i1mportantiy it 15 to know alsc 1 chanje in the local
coefficient of settling uivps au tne arc of profile. An example ot
this charge for asymmetric sLaukovskly profile is given in Fig. 1.11

FONTNOTE '. Graph/curve is coustruct2d according to N. R. bergran's

lata [ 26 ]. ENDFOUTNOTE.

It i3 here along the axis ot auvscissas deposited/postponed for upper

and pressure siie of protiie 0L r[atl0o s/b, where s - a distance on

e -
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the duct/contour of profile rrom tu the critical point; b - airfoil

chord. Curve for P=e~ coriespouds to rectilinear trajectories of the
drops; curve for a specitic cdse iu [=0.125 and Reyz=64 - curvilinear.
As can be seen from gragun/curve, tne local coefficient of settlinyg
drops sharply decr2ases rrouw icadiinyg edge on the arc of profile,
reaching zero value at certain distance from leading edye, This
distance determines point of coutdct of tangency on the profile of
the extreme trajectory or arops, i.e., the zone of the capture of

drops on profile.

With an increase iu parameter P, as ona would expect, tae local
coefficient of settling arops anu the zone of tha2ir capture on
profile grow/rise. On tne proiiite in question for P== zone of capture
{(0.22 for lower and 0.32 tor 4u upper surface) they coincide with the

section of maximum profiic taicknass.

This change in the liocai coerizicient of set*tling in the
duct/contour of profile explaias tne torm of ice outgrowth which
initially is formed and wuica 1s cnaracterized by the greatest
thickness of ice at the criticai point of the profile (where the

values of local coefficlent d4are adximum) 2.

FOOTNOTE 2. Subsequently in proportion to the incr2ase of ice the

form of profile is distoited dand a change in the local coefficient no
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longer corresponds to cuive 1 Fiy. V.11, ENDFOOINOTE.

Data about the locai voerticient of settling make it possible to ?
calculate the distributica oz tue intensity of *the increase of ice ’i
according to the arc of profile ana to Jdetermine the regquired energy b

content which must be conducteu iu each section of profile for its

protection from icing.
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Page 24,
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Fig. 1.10. Change in local coetticient of settling drops £, in

duct/contour of cylinder witn P=1 anl Re,y=0.

Page 25.

In more detail about tne uetinition of the zones of ice

accumulation and distripution orf tne local coefficient of settling

speaks in chapter III. Heice aie yiven only several initial

s mmm————
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graphs/curves for the caicuidation of zones settlings of drops. For
aviation profiles most coapleteldy this guestion was examined in N. R.
Bergran®'s work [26). The ditfereantial equations, which are
determining the trajectories oL drups, were sclved by N. R. Bergran
with the aid of the computinyg uevice/equipment. The trajectory
calculation of drops was conductzd und=2r the assumption of the
incompressibility of air tor a4 speed range frcm 160 to 560 kmyh and
drops in diameter from Zu to 1ul p. In calculations the chord length
of profile varied from uv./’> to ¥ w. These vdariable/alternating vere

introduced into the dimeunusioui=ss param=aters P and Reqg !.

POOTNOTE N. R. Bergran instedd ot parameter P used parameter ¢ -
"scale modulus/module”", in this case $=%Ax-Lir. where v« and v« -

respactively the specific yravity/weights of air and drop.

It is not difficult to see tanat y=ReyP. ID present work as almost
in entire Soviet literature on tais theme, there is used parameter P.

ENDFOOTNOTE.
To account for effect vu tne uimensionless parameters of the
form of profile and angie or its attack N. R. Bergran examined the

following five versions, jJivea in table 1.

Fig. 1.12 gives those constiucted on the basis of the data given
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to table 1, overall dependeuces or the relative zone of thz capture
of drops s/b on parameters ¢ aud Reg for a symmetrical Zhukovskiy

profile (€=150/0).

In Fig. 1.7 and 1.8 dere giveu graphs E=f(P and Regy), obtained
as a result of the trajectory caiculations of drops during the flow

around the Zhukovskiy protiies, auu also profiles NACA-0.009,

NACA-2215 and NACA 65,-01>o.

- ae—
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Page 26-27.
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fig 1.12. Dependence of tne relative zone of the capture of drops on

parameters P and Reg for a4 syumetrical Zzhukovskiy profile

) ] (c=15%).
u—cy =0. @=V". r-b=107, b-c, =02 a=2. rib267, ©-c, =0, @=4°, r,0-2b;

Key: (1). Upper surface. (<). LOWel surface.

Page 28,

for the profiles, which snarply airtfer in form from those indicated,
the dependence of the coetticient of settling on parameter P can be

several different.

B
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For example, let uUs uxawiue (Fig. 1,13) settliny drops on two
profiles (A and B), witn 1denticai chord and thickness ratio, but by
the different configuration ot nouse/leading edge. In this case let us
assume that the drops are sucu iaryescoarse that their trajectories
are rectilinear. It is not uirricuit to see that in profile with the
pointed nose/leadiny edgye tae Lucdal coefficient of settling is less,
since ratio Ah/Al for fproriie o 1s less than for profile A. However,
the complete coefficient oL settiing for each profile is identical
(under the condition of tae stirdaigyuntness of the trajectories of
drops). Under the normal couhditiovns when the trajectories of drops
are curvilinear, the locai couerticient of settling drops in the
pointed profile B will be also izuss; hovever, 1ts complete
coefficient of settling drops wiil be more than in profile A as a
result of an increase in tue "soue 0of collision" 6 for the pointed
profile. This it is necessary to keep in mind in the examination of
the wedge-shaped and leans proiiies, characteristic for suparsconic

aircraft.

During the study of tne pacnomenon of the precipitation of drops
on different bodies it 1s necessary to remember that parameter P is
the criterion of similarity of tae trajectories of drops only for
gaomatrically similar bcdies (of at least for bodies with
sufficiently close geometric éo:m). For example, the pr-cipitation of

drops on two bodies, examined i1a Fig. 1.4, from which body B is tha

--
Eaide, o




DOC = 79116202 PAGE “

part of another body A, occurs vartually equally with sufficierntly
high sizes/dimensions ., dand [, Meanvhile parameter P, (body B) will
be s0 much time more than parameter P, (body A) in how often L; is

less ., (, other conditions pe.ny equal,).

o g e -
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Zhukovskiy profile with reidtive taicknass 150/0. (7). Profile NACA

1 65,-015 (symmetrical).
, {
I
i
a |
P Page 29.
|
;
‘ﬁ The determination of the coetiicicats of settling the bodies

indicated with the use of dependence E=f (P), cbtained for the

profiles of close in form, will pbring in this case to errors.

6. Concept about the integyial coeriicient of settling and the mean

radius of cloud drops. ;
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1 Examining in the precediug/previous paragraph the coetficients
of settling drops for cylinuers anu aviation profiles, we proceeded 'i
from the condition of the unictvrmity of cloud, i.e., we assumed that
the medium, in which occurs tne aotion of this body, consists of the

drops of identical size uiaension.

Under the actual conditions oL cloud contain the drops of the
most varied sizes/iimensions. it iu this cloud is moved, for example,

the wing of aircraft, thea is oovious that the precipitation on the

[ ‘ ving of the drops of difrerent radius will occur differently. To each
qroup of drops with an 1dentical radius will correspond its specific
coefficient of settling. However, as a whole the precipitation of
drops on wing will be determined oy certain total coetficient of

' settling drops, which is cailed intejgral and is designated by E {121 !

Al

For 2xample, if in the cloud 4Vo/0 water it is contained in drops

from it is concealed by tne radius for which the coefficient of

i

1 settling is egqual to E,, to 3Jvo,/0 of water in drops with the
coefficient of settling k,, ¢v0/0 - irn drops with the coefficient of
settling E3; and 50/0 of water - in dropos with coefficient of E,, then

o ‘
B=0.4 E+0.3E,+0.25E3+40.U5E,. !

It is obvious that into tne formula of the intensity of icing
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(1.1) must ent>r the precisely i1utsgral coefficient of settlinj E.
Por Jdetermininoy of b 1t i> agcessary to know the dependence of
the coefficient of settiiuy on .ne sizesy/dimensions of drops, that it
is possible to obtain, utilicing ytaphs of the precedinyg/previous
paragraph, and also Jdistrivutiou or Jlrops in clcud according to their

sizes/dimensions.
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Pig- 1-131 f&gn 1.14,

Pig. 1.13. Por determinatiou vi eriect of configuration of leading

edge of an airfoil protiiec on iocai coefficient of settling drops.
Key: (1) . profile.

Fig. 1.14, To explanatiovn ut picca.pitation of drops on bodies cof

different geometric foru.
Page 30.

The study of cloud wmicrostructure of laminar forms showed that

the spectral distributicn or urops according to sizes/dimensions can
be expressed by simpl2 tormuia aepending on the mean radius cf drops

r, [121):

ir ' g
. r
n{ry -ar-e v, E

% ] vhere n(r) - density of distripvution of drops into 1 cm3? of air H
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according to the sizes/dlucnsiovus;

By is

where =«
FOOTNOTE 1, As

for convective

The use of the
of settling on
drops, made it

coefficient of

settling drops

profiles examined in Section in taickness ratio from 9 to

79116202

- a number of drops witn a radius of

PAGE M

a - constant.

understoca arlitumeric mean radius (i.e. -,

ry b,

valid also

showed investigations [1], this formula is

clouds. chuvbFUULNULE,

formula indicateu and dependences of tha coefficients
parameter P, 1anto wuich enters the size/dimension of
possible to calcuiate [ 12] the integral complete

settling drups E aua integral local co=2fficient of

near cricticdi point (F e for the 5 aviation

150/0.

Pig. 1.15 and 1.16 give tne giaphs/curves on which é and

« , . are given in depenuence on the chord length of profile for

two values of true airspeeu (4Uu aud 600 km/h)

mcan radius of

coefficient of

and two values of the
drops (4 anu o p). A chanje of the integral lccal

settling 1u uJepeunaence on speed 1s shown ian Fig. 1.17.

These graphs/curves cdlL ve used with acceptable daccuracy tor the

ma jority of practical caicuiations of the icing intensity of aviation

profiles,
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It should be noted that 1t is possible and not to introduce the

concept of the integral coetzicient of settling. In this case into ’u

the formula of the intensity of 1cing (1.1) must enter the

coefficient of settling (coupiete or local), determined for those
drops in which is contained tne oase mass of water of cloud. However,
this method can be conjugated/coapined with scme errors during the

calculation of icingy 1lnteasity.

] 7. Icing at the high sucsonic speeas of flight.

Air-stream velocity directiy enters into the formula of the

intensity of icirng (1.1). put turtanerrore with an increase in the

| velocity increases the coetiricient of settling drops k, which leads

to even more rapid increase or ice.

The calculations or the coerricients of settling drops for

4 cylinders and aviation groiiies, =xamined above, ware made under the
assumption that air was iacoampressible, Meanwhile at the sufficiertly
high flight velocities ih ail appedr such pressure differences which

noticeably change 1ts density.
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Key: (1) . kma/h. (2). p.

Pig. 1.17. Dependence ot inteyral local coefficient of settliny drops

~

near critical point oi profile on flight speed.

EJ B TOAKR
Key: (V). upe. (2). km/h.
Page 32.

Because of this it is necessary to explain, as the phenomenon of the

compressibility of air it wil. artect settling drops.

Prom airfoil theory, wanich moves with subsonic speed, it is
known that the flow arocund profile in compressible 1lijuid corresponds
to flow at the high angle or attack of the thickered profile in the

incompressible fluid.

Relative thickness of this rictitious profile ¢y and its angle
of attack are connected witnh tne tanickness ratio of this profile c

and its angle of attack a wita reiationships/ratios 1t:

"

Y1—Mm2

YT R %

v o g s
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where Mach number is the reidtion to air-stream velocity to the spead

of sound.

POOTNOTE !, These relaticnsulps/iatios from the airfoil theory of
Prandtl-Glauert, valid cnily ror tain profiles and low angles of
attack, are given here oniy ror tue explanation of the physical
essence of phenomenon. More tully the theory cf compressibility
effect was developed by Suviet academician S. A. Khristianovich.

ENDFOOTNOTE.

Since the thick protile (see g 3) ices up, other conditions
being equal, is less inteusely, taan thin, then hence it follows that
the compressibility of air decieases the coefficient of settling

drops.

From this correct actually position some researchers made
incorrect practical the conclusion that the decrease of the
coefficient of settling as a resuit of the compressibility effect of
air can to a considerabie deyree compensate an increase in the icing
intensity with an increase in the speed. The comparison of the
trajactories of drops in coapressea air flow with the trajectories of
drops in the incompressibie air snowed that the compressibility

effect is comparatively sadail and ror solving many practical tasks it

can ke disreqarded/neglected. Ls explained this by the following:

i SR T
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’E/LC. .

~/

/kgompressxbility etfrect vu Llow line becomes apparent perceptibly
only near body, for exampie, ror a cylinder at a distance, exceeding
its radius, compressibility no ionyer affect the flow line. On the
other hand, the coampressiwviiity attect virtually does not appear for
the center section of tune riow iiues, i.e., near critical point.
Because of this the drops, wnicn possess larqge inertia, do not manage
to change their motion ana tnus etrect on their trajectory of the
compressibility of air i1s very insignificant. However, The small/fine
drops, which deposit on obouy, aiways are arranged/locatz2d in the
center section of air fiow, 1.e., where the ccmpressibility effact is
also insignificant. Comjiressividity has perceptible effect only on
the drops of average sizes (with average values of parameter P). Fig.
1.18 shows compressibility etfrect on the complete coefficient of

settling depending on farameter P ror a round cylinder.
Page 33,

As can be seen from figure, E.x 15 less Lex it is maximal to 30/0
{calculations are carriea out at tue value of Mach number, close to
critical). FPor a profile tane udeciease of the total coefficient of

settling of drops as a resuit Of the compressibility of air can be

somevhat greater. However, to tne iocal coefficient of settling near

o

ke e R a2l e

. A
.

v
SIS Y

ki ML i s T in 44 Tt Ere b cn e
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critical point compressibility viitually does not affect,

Thus, the decrease caused vy compressibility of the coefficient
of settling of drops will not snow/render the consideranle
counteraction to the increase uvr tae intensity of icing with an

increase in the velocity of rfiigat.

However, upon reacainy oL surriciently high speeds is observed

another phenomenon, which blocks rurther icing.

Let us write the known eyuation of Bernoulli for air (taking

into account his compressibiiity):

V3 & Vi
- et R Y
2 T k—1¢ 2 k=14

)

Here Vv, and V, - with respect wc¢ tne air speed in some two sections,
isolated in air flow; p,; ana p, - pressure; p, and p, - air density
in the sections; K=c,c, ~ relation of heat capacity of air at

constant pressure to 1ts aeat capacity at a constant volume (c,)).
(€p) p Y v

ESTNIEN

it
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Fig. 1.18. Compressibility ertect of air on the complete coefficient

of settling drops dependiuny oua paitameter P for a round cylinder.
Page 34.

After using the equation of state of gas in the form p=gpRT
(vhere g - acceleration of yravity, R - gas constant, T - absolute

temperature), equation (l.0), cad ve converted to the following foim:
V? & m l.g . % RT ) ] .
2w Teor K= Ty R (1.7

or, transferring/translatingy the terms of equation into the thermal

units

3
2

ok ART = A = 2 ART ., (1%
20 ' k-1 2g ko1

vhere A - heat equivalent of wecuanical work,

From thermodynamics it 1s known that AR ¢,- ¢, whence
kflAR -, Utilizing thas ielataovaship/ratio, equation (1.8) in the
final fora
Tr+'“ﬁ T;,;“E. (1«

[EPURECRVIIPY. SRS Y
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POOTNOTE !. Equations (l.v) aund (1.9) are only different expressicns
of the law of conservatioa or zneryy for the moving/draiving gas. ¥Was
here used in the beginning thne ey2ation of Bernoulli as more familiar

to readers®' majority. ENUFUUTNUTE.

Let the first section be 1s selected a* sufficiently large distance
from profile, and the second at 1ts critical point where the flow

completely is braked, i.e., V,=0. Then

Ty—Ty=— | th. T

i,e., during the total sStagnatioua of the air, which was amoving at a

rate of V, occurs its heatiny to value f!E. the temperature of air
2ecp
at the critical point otf protfiie will be more than the temperature of

surrounding air (T,) to tae vaiue indicated,

Formula (1.10), whica 1s determining the so-called kinetic
heating, can be simplified, darfter substituting into it the values of
the corresponding values: A=1/427 xcal/kgem; c,= 024 kcal/kgedeg and

gd=9.81 ma/s2.
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Taking into account tuis suostitution we will obtain

M Ta—T, = ' (1)

As is known, air compression in the absence of heat exchange
vith the environment (adiabatic compression) is accompanied by an
increase in its temperature. the rapidly elapsing processes of air
compression in practice can ve cousidered very close to adiatatic
ones. Braking airflow leads tu 1ts compression and connected with
this increase in the tempseratuie. It is obvious that at the critical
point where the flow coapietely is braxed, heating air will be
greatest. However, also on tae liateral surface of the profile where
the air speed can exceed the spesd of the incident undisturbed flow,

*
keating air occurs.

Page 35.

This is explained by the ract tanat during flow in body surface is
formed the thin boundary layei ot the stagnated air whose emergence
is caused by the viscous torces. Because of the fact that the air
speed in the layer, directuiy adjacent to body surface less than in
the more distant layer, occuirs 1aternal friction, which leads to heat

liberation and increase 1in tne teaperature of boundary-layer air.

Thus, with an increase iu tne flight speed, on one hand, occurs




e
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an increase in the icing intensity, and with another, thare is
kinetic heating of the surrace or aircraft as a result of compression

and friction of contrary ail fiow.

It is obvious in sucu a case, when the temperature of the
surface of aircraft proves to ve as a r2sult of heating by positive,
ice formation does not cccur. Ui this 1n thelr time were based the
assumptions relativa to tuat ror tne aircraf¢, which were being
operated on speeds on the order or 700 kms/h, icing it will not

represent danger. However, tais pituved to be inaccurate.

Formula (1.11) for coanvenieuce it is erasy to convert as follows:

AT = 0,38(—‘%) ) NRES

vhere V - speed of aircratt iu Kkm/u.

From this formula it is evadent that for the flight speeds,

smaller 300 km/h, heatiny ieadiiuy wing 2dge will not exceed ~3.5°C.

Formula (1.72) gives the surticien*tly clcse to reality value of
kinetic heating at the critical point of profile in flight in
so~called "dry" air (out ot ciouds). However, under conditions of

icing the value of kinetic ueatiuj will be considerably less.

b .
an g R i
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8. On the possibility of 1cing at supersonic flight speeds.

Prom the previous it roiiouws that the greater the flight speed,
that at lover temperature oif sulrtounding air must occur aircraft
icing. for supersonic sie<us tug kinetic h=2ating of the surface of
aircraft is so already oagh tnat tne icing is possible only at

temperature of surroundiug ailL ot -35°9--40°0C,.

There are different polats ot viaw about the possibility of
icing at supersonic fligyut specds. In the opinion of some researchers
{53]) rhombiform and wedye-suapea profilzas can undergo drop icing to
Mach numbers, equal to 1.4 and even 1.8. On the other hand, focr
example, in work [12] is sade tu2 conclusion that the aircraft icing
at supersonic flight speed due to settling of the supercoolea water

drops is virtually impossipie.

Page 36.

The basis for this conclusion/output served as the author the works

indicated initial data on i1juiu-water content and cloud

microstructure, existing at low teamperatures of surrounding air.

Actually/really, theoreticas calculations shov that in flight

with supersonic speed, in order to compensate the evaporation of the
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moisture depositing on p1oilie, 15 reyuired the liguid-water cortent

of droplet cloud on the crder or J.1 g/m3, The author of work [ 12]

proceeded from the fact tuat datel content of clouds with temperatues
of =-35--409C is less than the yliveu value, but the radius of cloud '

drops does not exceed 5 .

However, as this is snowia below, the values of lijuid-water
content at temperature ot air or -40°C in one percaznt of the cases

can reach approximately u.3 y/m3 1.

POOTNOTE !'. This numeral i1s irecowmmended as calculated during the I 4

design of the de-icing systeus (sece Chapter III). ENDFCOTNOTE.

This it indicates that aiso dt Loder temperatures is possible the
axistence of supercooled clouds with the liquid-water content, which .

considerably exceeds 0.1 j/u3, tuat also is confirmed by practice.

The recorded cases or iciuyg (1n flight at subsonic speeds) show
that intense ice formaticn on the surface of aircraft as a result of
settling of the supercooigu divps 1S possible at temperature of

surrounding air of -40° and even it is lower.

In particular, one or tuae dircraft of I1-18 in flight through

Atlantic underwent strony anda proionged icinj at temperature of
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surrounding air within the limits Irom -44 to -46°C. Iu this case the

average/mean liquid-water conteant was not less than 0.5 y/m3.

Thus, at present it 1is pussiwvie to only assert that at !
supersonic flight speeds tne cases of drop icing will he extrerely

rare 2,

FOOTNOTE 2, Should be cousidered aiso the possibility of crystal

icing. ENDFOOTNOTE.

This however do2s not indicate tudat the anti-icinyg protection for a 4
supersonic aircraft is not ieguired. The execution of reduction and ]
landing approach is connected LOr a supersonic aircraf: wich
‘ transition to such speeds, at which the probability ot icing also is
' great as for low-speed jpcston-engined aircraft. And therefore however
short-term there was the riigav or supersonic aircraft at low speeds,

for it is also necessary surzicilently powerfuly/thick and reliable i

de-icing systen.

.
[N,
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Page 1317.

Chapter II.

METEOROLOGICAL CONDITIONS OUFf LCiNG.

1. Basic meteorological tactors, wuich affect icing.

Meteorological factors in ustierent ways affect the process of
aircraft icing. Liquid-water couteut directly determines the speed of
the increase of ice. The temperature of air and the size/dimension of
irops define mainly the type (rorw) ot iciny. At the same time the
sizé/dimension of the drops turougu the coefficient of settiinq
affects icing intensity. Fiuaidy, the three-dimensional/space zxtent

of the zone of icing togyetuer wiath its intensity characterizes the

quantity of ice which can ve ftormed on aircraft,
Temparature of air.
Temperature of air - one oL tae hasic ;actors, which are
/

determining the phencmenon ot icihy. Ice fogﬁaticn on the surface of

aircraft occurs at temperdature or surrounddng air ot lower than 0°C

moreover the minus tempetatures, with whidch 1s possible tuae icinyg,




r Ep—_— S N S —— - e e s
'

B St

!

DOC = 79116202 PAGE 7?

oscillate in the large iimartvs: rrom values, close to 0°C, to the

values, which reach =-409C 1t 15 veiow.

There is a specific tewperature range, for which the probability [1
of icing is greatest. Stdatlistics suows that a great quantity of cases
of aircraft icing proceeus at tewperatures of air i1n gip/intarval
from 0 to -20°C, and in particuiar from 0 to -10°C. Icing at lower
temperatures occurs considerduly isss often. The statistical data,
assembled by central aeroivgyical ovwuservatory during th2 last few
years above the territory or tae soviet Union, also show that the
supercooled clouds, which Calii iciug, are encountered to -40°C. In '
this case the frequency of their appearance at temperature of air of
lower than -359C comprises iess taal 100/0 cases. In range from 0° to
-10°C the drop supercooied clouuas are encountered i1nto 80o/0 ot

cases.
Page 138.

Are known the cases or urop icing in powerful/thick cumulonimbus
clouds at temperatures cI all Witaid the limits from -40° to -50°C.
Thus, for instance, on 14 august, 1961, in area g. Vbronezh with the
execution of experimental riijat tue aircraft ot Tu-104 at th=

height/altitud2 of 1050u w uaderweut intense icing in the upper part r?

of the powerful/thick cumuionimous cloud at temperature of
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surrounding air of -489°C, ln otuer case ths aircraft of Tu-104 met
icing at the height/altituae or 1W100 m at temperature of -47°C

(flight was accomplish2a on <Ze¢ Jusry, 1961, in area g. vologda).

As noted in the beginniny i the preceding/previous chapter, was
noted aircraft icing at eveun iower temperatures of air (~65°C).
However, the limitedness ol tue inrormation about such cases does not
make it possible to make the cospletely specific conclusions relative

to the mechanism of iciny dt temperatures indicated.

The icing of individual patts of the power plants is possible at
positive temperatures. Fcrs exampie, the icing of carburetor
frequently appears at temperatuie of surrounding air considerably
higher than 0°, which is connected with a temperature decrease as a
result of evaporation. laele 1s also an opinion about the fact that
if the aircraf: completes takeott under conditions of precipitatior
of rain or melting snow at positive temperature, very close to 0°C,
then the surface of aircratt is covered/coated with the water film

which evaporates during taxeorr, 1is cooled and it can freeze, having

formed a thin ice crust.

Air humidity.

Aircraft icing is connecteua with the specific air humidity.
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“"humidity" or "dryness" of diir 15 determined not by the absolute ;j
quantity of water vapor, vaica are contained per unit of volume of

air (absolute humidity a .n g/wd), but that, how air 1is close to o
saturation state., A quaatity is vapor (A in g/m3}, necessary for !
saturating a unit of the voiume ot air, is changed depending on

temperature, increasing with au increase in the latter, and vice

versa, decreasing with 1ts declease. The degree of the saturation of

air by water vapor, as i1s kuowu, 1t is characterized by the relative
humidity - ratio a/A, expresseud usually in percentages. With a -
temperature decrease retative aumiulty increases, and air approaches

saturation state, Observatious show that the relative humidity with

icing composes 80-100o,/c. Specaiic humidity, i.e., a quantity of
water vapor, which is cocutdinea in 1 kg of humid air, in conditions

of icing usually exceeds 1 /Ky,

An increase in the irLeiative or specitfic humidity with

heightsaltitude testifies avout counditions favorable for icing.

Page 39.

Liquid-water content of supercooleua clouds. ‘]

L | As already repeatealy 1t was unoted, ic2 formation on aircraft is

directly connected with tne preseunce in the atmcsphere of the
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supercooled vwater drops. a&r avsolute humidity characterizes
liquid-water content, that is founa in vaporous state ', then
ligquid-water content deterwines tae content per unit of volume of air

of water, which is found in tae urop-forming state.

FOOTNOTE In practice vapor rregueutly 1s called the accumulation of
the smallest drops of water. sater vapor - invisible gas withcut

color and without odor. LNV OUINUILE.

Liquid-water content is ocne vi tne most important factors of the

icing, to study of whicn duraing tne last few years was Jevoted a
(777

considerable number of works {(13), [14], [6]1, (7], [u5]7,[27], [247,

atc.

This is fully understandabie, since the quantity of the
moisture, condensed in tne rora or drops, that contains per unit of
volume of air, it directiy atfects the rate of formation of ice on

aircratt.

The various forms o0t ciouuiness are characterized by the values
of liquid-water content ejual rtor tham. But also in by one and the
same of cloudiness the values ot liquid-water content can oscillate
extremely sharply. Connection/coumunication of liquid-water content

with different meteoroloyicdl pardaweters and wita the mechanism of
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the formation/education of clouds 1s up to now studied little, It is
revealed only, that the lijuiu-water content depends substantially
from three parameters: tedpgerdatule, temperature gradient and
height/altitnd2 from lower clouau ovase. Inéufficiently still there is
also data about the values ot ligyuid-water content at low
temperatures of air, whica impeudes the selection of the design
conditions of icing, i.e., tae conuitions tc¢ which must be calculated

the de-icing system of aaiicratt.

The work on the stuay of the liquid-water content of supercooled
clouds, which were beiny carried out in the Soviet Union (mainly by
central aerological observatory) daad abroad (V. Lewis, K. Pettit et
al.), on the whole gives the ideutical picture of the values of
liquid-water content. 1Tanus, for instance, according to data of TsAOQ
in the clouds of laminar :iorws tne maximum of the recurrence of the
values of the liquid-water coateut occurs for ~0.1 g/m3, and its

maximum values reach 1.6 y/m3.

According to Canadian researcner K. Pattit's data [49] the
maximum of recurrence also corresponds 0.1 g/®3, and the maximum

values of -1.4 g/m?.

According to V. Lewis's uata [ 45) in stratus and stratocumulus

clouds the maximum of recurrencs 1s within the limits of 0.1-0.19

(e
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g/m3, but maximum values do not exceed 1 g/m3, in this case into
95c/0 of cases the liquid~water content comprises less than 0.5 g/u3.
It should be noted that V. Lewis's data are based on the considerably
smaller number of observations (47< cases), than data of TsA0O and K,

Pettit which connect thousdund and aundreds of measurements.

In the supercooled cuwulus auu cumulonimbus clouds the
liquid-water content can ieacan coasiderably larger valuas. The
maximum of recurrence for tnese clouds falls to ~0.2 g/m3, maximum
values approach 2 g/m3, buat 1nto 9¥50/0 of cases liguid-water content

comprises less than 0.9 y/w3 (according to V. Lewis's data).
Page 40.

Systematized data on the cumuionimpus clouds it is insufficient for
the confident conclusioan/output avout the possible values in them of
liquid-water content. However, according to separate mainly indirect
observations it is possivlie to assume that these values can
considerably exceed Lewis's datd. in this case it is necessary to
keep in mind that the "iustaataneous” values of liguid-watar content
can be much more than the vaiues, averajed in sections, extent into

several kilometers.

In the literature therwe are communications/reports about the

e .

[ N
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recorded values of the iiguiu-watel content of supercooled clouds on

NP

the order of 3-5 g/m3 and even it 1S more. For example, in case given
at the end of this chapter o1 exciusively intense icing of aircraft ?
*Vanguard" average/mean ligyuid-watel content within the time of 10-15 r1

min (during which continued iciay) was approximately 3.0 g/m3.

Over a number of yeacs ceutiral aerological observatory carried
out the collection of systematic aata about water contant of clouds
on the points/items of aircratt sounding, located in different points
of the territory of the Soviet Uuion. As a rtesult of this was

assembled the vast material on tne liquid-water content of i

supercooled clouds, which made it possible to obtain sufficiently !;
specific data about the treguency of the recurrence ot liquid-water

' contant depending on the tecaperature of air. In the examination of

' the obtained material cne snould consider that the measurements of ﬁ
liquid-water content, wnica weie weing conducted in the majority of i ]

’ the cases with the aid ot tue instrument of ccnstruction/design V. A.

: Zaytsev [ 7], lasted by 5-10 s; tnei2fore the obtained results

approach "instantaneous" vaiues ot liquid-water contant.

Pig. 2.1 gives the 1isopletns of the recurrence of water content ﬁ
of clouds, in percentages ot overail quantity of cases (5745) 1§

depending on the temperatuirs oL aii. Graph/curve is constructed on

the basis of processing gata indicated above and is related to the g
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conditions of the Europsean USSR. As is evident, the values of

b S
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liquid-water content sharply ueciease with a decrease in the
temperature of surroundiny air. Thus, for instance, for the isopleth,
which corresponds to one percent vt the cases, liquid-water content

for a temperature range iifom ~0.1 to -59c is within the limits of

0.41-0.45 g/m3, and at temperaturas from - 15.1 to -20°C liquid-water

content is 0. 11-0.15 g/m3.

adid

Fig. 2.2 gives the dependence of the no/c quantiles ! of water

content of clouds on the temperdature of surrounding air.

FOOTNOTE !, By the quantiie or the assigned percentage is understood '3
suck value of variable guautity at which in the percentage of the
cases indicated the encounteread vailues of the value of less than

data. ENDFOOTNOTE.

Let us examine, for example, ninety-percent quantile waicn shows that
into 90o/0 of cases for eacn temperature range of surrounding air the
observed values of liquid-water coutent were less than the values,

corresponding to this curve.

Page 41, |

So, with temperatures ot surrounding air in limits from minus
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0.1 to -5°C into 900/0 ot casaes iijuid-water content did not exceed
0.4 g/m3, and at temperatures irom -20.1 to -259C liquid-wvater
content comprised not mcre than V.<2 ¢/r3. This graph/curve makes it

possible to refine the fproposed design conditions of icing [ 18]. [l

It is necessary to xsepy in wind that statistical data on the
basis of which are construcced Fiy. 2.1 and 2.2, are not, by
certainly exhausting. Iu particular, they are insufficient for the
clouds of convective deveiopaent aud d0o not cover the geographical

special features/peculidrities c¢I uifferent areas.




«
-

pocC

Fig.

Key:

(4) .

pPage

= 79116202

b

o
om

2. 1.

(m.

We/m?

(udb 45,
ool L ‘x\*! — ] 1

! H 1351 L. PRI

+
+

16 10
120 125k
1,6 1,20

pace B

N

QM 4—1~

—

e
A_J. — - L1 -
—{quonnemu vpadedw-ue e

—- - cemn

PJURTILSE LM T

N v-V—»———‘— *»——o — e e e e
\
. e

$
T - —{‘*—) CTPRNIMUL: 9Bi1mnpie 1307, Termm
sl

e e

B Gy

1.1 35‘7‘ o . —- Sy
106 f,’o,—r—.\ ?—-¢— +- ... B .- R e [
1,01 1,05] f—*——k*—°¥f e : e — ey -y . T !
8% 100NN Pviot A v ot I%,W,LFWTJ

B

BN ”'T\’ R S T—Al——v-frfr'%».-—v +7+~1

AR NI\ L = -y

PR~ S N ISR

ag 085 — . A\»»»»» S
a% 680 e R P
an” 075 "*fv? ?\\' e et ,‘——T".' B o ‘}—.
as6 a7ﬂ»—> + 3 Bt Y NP DU R '-—1'
a6 a55 - aq———*—%» »~4»»~¢——1-—+ v +~o——4
el AR unuNasREaSRtae
J : ‘ o — TJ ) ' T . yj
Q4 05 B e i e I e
st Coh i [ O T
g; %“ - : &gs,,ll ™ -+ _
Oy Y. - o rer e
15 } [’ A NG rl AN NS i
a3r 035 0 9 4 i +-
425 avﬂ// 203 \a.v\Q‘i\;‘;L’ "L !
n 025 % NN ) Lo bbb
gm a2l N \:Agi_ﬁ4vgl,gﬁvtj;;¢4
/o NN \Y‘ AN RS ‘ : 1
gn a4 i NN \\‘f‘*\'_\‘_\; SO U R
P i 1 A T DA N S S E S SN E ST
4 ﬁe,;“—'}u R TR Ry iy Ly ey R s R YR SO
ado 0.9 <50 -0 15,0 -00.0- '5(] J0.0 -35.0 -40,0 -45,0 - 50,0 -55,0 -610 da>

Isopleths of tne 1recurrenc? of water content of clcuds,

From.

(2)

. to. (3).

extrapolated isopletas.

u2l

Comparisons with tue puoiisneu foreign materials,

isopieths,

carried out by actual data.

and also

observations of icing inteusaty snow thit in areas above the oceans

okl




-
-

DOC = 79116202 PAGE ifa

and in tropical areas tue liqulid-water content can considerably
exceed the values of liyuiu-water content for the territories of the

Soviet Unioan.

Clcud microstructure.

Ice hazard as this louy ayo 1s already well known to pilots and
designers, it appears in rligat iu the water clouds, which consist of
the supercooled drops ot water, or in the clouds which contain both
the supercooled drops ana i1ce crystals (mixed clouds). In flight in
the clouds which consist only ot ice crystals, icing, as a rule, does

not occure.
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Actually/really, under ucrmel conuations the ice crystals, f
encountering the cold surtace ot aircratt, slide down with it and are

taken away by air flow. Tuis aves not w=2an at the same time that the ’,
ice crystals, which are coutdiicd un mixed clouis, play no role in

ice formation on the surtace of aircratt, For the author during

axperimental flights it wds necessdly in certdin cases to observe as

the solid fre2zing particles tagy sprinkled themselves into the filn

of ice, formed by the sujpercooieu drops on surfaca the top or another

aircraft component 1.

L FOOTNOTE this fact usualiy 1s nct considered during calculaticns of
deicers, or in different uweasuseaments of liquid-water content and

icing intensity. ENDFOCINUTE.

For evaluating that, now iLreguently with icing (and without*
icinq) are encountered drop, ciystal and mixed clouds, is brought

! table 2, constructed accoruiny to uata of L. G. Pchelko.

As can be seen trom tawie, on the average into 410/, of

observations the icing cccuifea ia purely droplet clouds, into S4o0/0

R

- into those mixed and altoygyetaeis only into So/0 - in crys:zal ones. '

Depending on cloud forms tue recurrence of water and mixed phases ii

clouds with icing changes. 4dater pnase has the greatest recurrence in

+the stratus (st) and stratocuawuius {Sc), altocumulus (ac) clouds of

.
15— 1% o< W
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uniform air masses, and also 10 rrontal niwpostratus and
stratocumulus clouds (Ns-s5¢). f(acse clouds dre characterized My th=
considerable probability o. 1ciugy. The jJreatest recurrence At tne

mixed phase occurs 1irn clodus Ns-as (nimbostratus, altostpatus),

N

characterized by comparativelily swail probability ot icZng, and ig/

clouds Cb (cumulonimbus), ror wnica the probabilityAHf icing 15 Very

/!
7

7/
great. The clouds, in waich does not occur the icdny, in thg/majority

/

of the cases are mixed cr c¢rystai. In this casy, as can{?ﬁ seen frem

table 2, the consideratie unuuwnei oL observatdcns witho icinyg

occurred also in purely water clouus (in Averaqe/meafd 220/0) .
7

/
several years aqo durliuy tue rtlfghts of the transport aircraft
,/"
through tropical areas was ulscovyred phencmgnon that of the called

"dry" icing, i.e., 1cing in crysta. cloudgl. This it forced to focus

attention on the fact that yhuer some cdnditions duriny the desigrn of

the systems, antiicinrg, X 1is ueCessAry *o consider the content ot
the crystals of ice ig/clouus. Aggé;dinq to published
communications/repgt%s L<2je (W8] the complications in fl1irtht through
crystal clouds wefe enccuitgiced 1L the tropical areas of Africa where
occur the strong displacgients/sovements ot air wasses 1S a result ol
the great heating of/rhe 2artn/yround., "p *c now there 1s not evern
more precise intorﬂéticu Lelative to the extant of such clouds, their
liqﬁid-water cofitent, Or slzes/dlachsions of crystals. dowever,

7
according t9 some data (<5 the mdximum concentration of 1ce 1is b

J/m3, and the maxiamum size ot Crystals eaches 31 =m.
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Page 44,

Table 2. Recurrence of different pnases of clouds.
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Page 45.

In this case the large part of the crystals (about 900/0) has a
sizesdimension (diameter) liess than 150 p. The phenomenon of *"dry"

] icing was discovered in zliyant tarough the apexes/vertexes of the
cumulonimbus clouds, containiny a large quantity of crystals of ice.
The made observations show tamat tne heightsaltitude, at which in
essence in tropics are encountered the clouds, which contain a large
quantity of crystals, osciilates trom 6000 to 9000 m. The extent of

ice clouds can reach severali hundred kilometers.

Clouds with the crystals ot ice are formed from those
; supercooled. If in cloud toygyether with the supercooled drops are
crystals, then their size/dimension they will increase, because the
cloud, saturated with respect to supercooled water, will be
oversaturated according to relation to ice (since the pressure of the
saturating vapor above ice i1s considerably less thar above water). In

fW proportion to an increase in crystals due to sublimation on them of

vapors the drops will evaporate for maintaining the saturation of
air. This process will ccantinue until entire cloud becomes purely

crystal.

As noted in the majority of observations crystals they are not

‘ detained on the cold surface vt aarcraft, However, if its temperature

Wity B Ik N Sty s
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higher than 0°C (as a resuit or the work of anti-icing systen,
kinetic heating or other reasons), then crystals, coming into contact
with surface, deposit on it, partially or completely they melt and

they can anev freeze.

Another serious danger coasists in the accumulation of crystals
in the air intakes of emngines, which can bring, as this was observed

on aircraft "Britain®, to the disruption of their work.

However, "dry" icing 1s iare phenomenon. Frequent and dangerous
cases of aircraft icing are connected with the existence of the

supercooled drops.

The value of cloud arops 1s different. It is known that the
drops of rain can reach several millimeters in diameter. However,
most frequently in clouds are encountered the drops whose diameter is
10-15 u. The clouds of small vertical power/thickness (laminar,
stratocumulus, flat/plane cumulus) contain smaller in size drops than

the nimbostratus, cusulconinous anad cumulus congestus clouds.

As showed observations, tne majority of clouds of their upper
part consist of more major drops, than of lower.
Coarsening/consolidation ot drops and increase in the liquid-water

content with beight/altitude causes an increase in the icing
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intensity in the upper part of the cloud layers.

The size/dinensibn of drops plays large role imn the

formation/education of the torm of ice outgrowth on wing profile.

Page Uu6.

The study of the microstructure of droplet clouds, which was
being carried out in TsSAO undei the management/manual of A. M.
Brovikov, and also a number of toreign investigations (V. Lewis et
al.) made it possible to obtain sutficiently vast material akout the
distribution of drops accordiny to sizes/dimensions in the clouds of
various forms. In Soviet works the size/dimension of drops in one or
the other cloudiness is usually characterized arithmetic mean radius

[

In the clouds of lasinar foras 7o usually it oscillates from 4
to 8 p (in the majority ci cases r, it does not exceed 5 u). In the
nimbostratus cloudiness ot frontal zomes ., it reaches sometimes

12-13 ,» and more {2]. Wita a decrease in the temperature of air -,

of drops it decreases.

It is charactaristic tnat according to V. Lewis's data is

observed the consideralle differeance in dimensions of the drops
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betveen seaside areas and teriitories, distant from the ocean. In
table 3, given below, btorrowed from the monograph "physics of clouds"
[1)e it is shown that the mean radius of the drops of the clouds of
various foras in the Paciiic Ocean coast of the USA substantially

exceeds r., drops in the ciouds of continental areas.

Values -, given in tanle 3, exceed the mean radii of drops,
measured in the investigations by TsAO above the territory of the

Soviet Union.

In foreign works on the propler of icing often is used the
concaept of the "mean effective diaueter of drops® d&mmy This term
means that in the drops whose diadmeter is more than average/mean
effective, is contained as much water, as in drops with the diameter

smaller than the average/mean effective,

Fig. 2.3 gives the graph/curve, which illustrates the fregquency
of the cases of icing at the ditfesrent values of the mean effective
diameter of drops .., Grapa/curve is constructed according to data
RACA [31]). As we see, into 950/6 of cases the mean effective diameter

did not exceed 30 u, but its maxaimum value attains 50 u.

Pig. 2.4 shows change ... 4aib heightss/altitudes for stratus and

cumulus clouds. Graph/curve 1s borroved from work [38]).
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In contrast to liquid-water content the size/dimension of drops
plays smaller role in the speed ot the increase of ice. If depending
on water content of clouds iciny intensity can change 10 times, the

change in the sizes/dimensions of drops (with permanent liquid-water

content) can cause intensity canange 3-5 times.
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Table 3.
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Key: (1) . Geographical area. (<). Average radius of drops of clouds
of various foras. (3). Facitic Ucean coast of USA. (4). Other areas

of USA.

Page 47.

Hovever, the size/dimension of drops has the high value with

determination of the zone ot ice accumulaticn ¢n profile.

Taking into account the available data about dimensions of drops
in the clouds of various ftorms, it is expedient in calculation to
accept the mean radius of arops thne ejual to 8 u, which corresponds

to an average/mean effective radius of 15 p (rinap= 1.83r.).

Extent of the zones of icing.

The resolution of the problea of flight safety under severe

BETOE ™o, g
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. veather conditions requires the value of the propagation of the zones {4

f £
! of icing both on the vertical iine and on horizontal. ¥
- tag
g i3
g These factors have hiyn valus both for the pilot and for a 2
L ‘ designer. Por a pilot the knowisaye of these zones makes it possible %

to determine possibility rate of icing and thereby its danger. For a

g
by

designer the knowledge ot tae extent of the zcne of icing is

! necessary because this determines the time of the determination of

A Ty gt o

aircraft in the zone indicated and, therefore, the time of the

P continuous operation of de-iciny systemn.

But it is not enouyh to have representation only about the

452 AR T AR

: possible and most probable propagation of icing. Are necessary data

P 0N

about the vertical and borizontal extent of the zones of the icing of

different intensity and, i1n tne fairst place, zones of heavy icing.
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Fig. 2.3. Flg. 2.4.
1
Pig. 2.3. Accumulated frejuency of cases of icing for different ;"'
¥
values of average eftfective diameter of drops. ,
t
3
Key: (1). Frequency of thas cases ot icing in o/0. (2). us {
Pig. 2.4. Values of mean efrective diameter of drops for different
3
heights/altitudes in stratitied aad cumuliform clouds. i
Key: (1)« pe (2). Limiting vaiues. (3). Cuwmulus clouds. (4). Stratus.
(5) - Average/mean values.
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Page U8.

There is up to now very tew published materials on this
question. Conducted over a numper of years in GosNII [State
Scientific Research Institute ] uVF experimental flights made it
possible to obtain some aatda apout the total length of the zones of
icing; however, they were insurticient for differentiation of zones

according to the degree oz their intensity.

The great elongation/extent or the zones of icing in the
horizontal plane is measurea ia auadreds of kilcmeters occurs in
stratus and stratocumulus clouas. in this case the extent of zone
decreases with an increase in tne degree of water content of clouds,
i.e., zones vith intense 1icing are considerably less than zones with

the icing of averagje/mean and weak intensity.

The regions of the icinyg ot iarge intensity are encountered in
cuaulus clouds; however, the extent of separate cumulus cloud on
horizontal rarely exceeds ZU K@. It is necessary to consider that the

aircraft can meet many suca ciouds during one flight.

B
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The maximum extent of tne zone of drop icing on vertical line
occurs in cumuliform clouds and it reaches 3000-3500 m. It is
necessary to k2ep in wmiua taatr tne phenomenon of *"dry% icing can
introduce substantial chanyes 1nto the numerals indicated toward

their increasel.

FOOTNOTE !, In chapter 11i in exawanation design conditions of icing
are given official Bnglisa aata or the extent of the zones of the
icing of different intensity (Li4uid-~water content). However, these
data, obviously, cannot be acrnowiecdged by completely strict and

cannot be common in all ysoyrapnical areas. ENDFOOTNOTE.

2, Probability of icing up uander differant synoptical conditions.

The probability of tae icing of high-speed/velocity and "slow"®
aircraft is different as a result of different effect on the icing of
the kimetic heating of their coanstruction/design. However, since the
kinetic heating of construction/design can be determin2d in each
specific case, it is expedient to examine the probability of aircraft
icing only on the basis or ditierent synoptical conditions without
taking into account the tiigant speed, i.e., only in dependence on the

characteristics of clouds taemselves.

Aircraft icing in synopticai conditions most completely it was

e e re——— R -
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different studied by Soviet rasearcher I. G. Pchelko. On the basis of
data of sounding the atmcspnere, tnat were being conducted on the
aircraft LI-2, for whicn 1t is possible to virtually disregard the

effect of kinetic heating, oy 1T it was constructed with fable 4.

Page u49.

From table it is evident tnat the greatest probability of

aircraft icing falls to tliynts in uniform air masses.

Por high-speed aircratt is opnserved the similar pattern, i.e.,
the majority of the cases of i1ciug is connected with flights under
conditions air-mass stratus and stratocumulus clouds, which is
obviously explained by tue pieuowinantly drop structure of these

clouds.

In clouds Ns-As (nimpostratus, altostratus) took the place of

altogether only 170/0 ot cases ot 1icing.

Certain quantity oir cases ot icing (50,0) was recorded in cirrus
clouds at high altitudes, out, as this has already been noted, the
microstructural special teatures/peculiarities of these clouds up to

now still little studied.
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I. G. Pchelko, analyzing statistical data on the icing jets in i
flights above the territory or tue Soviet Unicn, arrived at the 5
!

conclusion that in the cola season 600/0 cases of iciny it falls to

the heightss/altitudes less taau JUU0 m.

N e e Ay
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Table 4, Quantity of cases (ain o/0) with icing and without icing

during flights on aircratt Li-< ana under different synoptical

conditions.

¥
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s Ged ((f(?.geneucnuﬂ: 20 2 2 AN
Rey: (1) . Quantity of cases into o/0 under the following synoptical
conditions. (2). Number of observations. (3). Uniform air masses.
(4) . Prontal zones. (5). in cold tront (780 observations). (6). in by
heat front (750 observativas). (7). in diffuse front (230
observations). (8). in cyclione center (110 cbservations). (Y). with

icing. (10). without iciay.

Page 50.

The recurrence of icing at tne heightsyaltitudes, which exceed
5000 m, sharply decreases. A yuantity of cases of icing at

height/altitude on the crder of duv0 m composes only To/ot.
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FOOTNOTE t. In work [16] 15 descraved the case of sublimation icing
at heights/altitudes from 11000 to 5000 m, which was observed with a
reduction in the aircraft ctroa the heights/altitude of 16000 m. It is
characteristic that during the ciiub under the same conditions the

icing did not occur. ENDFUOTNOTE.

These data it is interestiny to compare with the results,
obtained by the author during special flights on aircraft with TRD
{turbojet engine ) and TVD. Fliynts were conducted mainly with the
purpose of the tests of the de-icing systems of aircraft.
Working/treatment of 343 cases or icing allowed it will construct the
graph/curve, given in FPig. <.5, waich shows the recurrence of icing
on heights/altitudes for the central area of the European ¥Yerritory

of the USSR,

As it follows from yrapa/curve by 550/0 of cases of icing it
proceeded at heightsy/altitudaes tivs 0 to 3000 m, and 880/0 of cases -
at heights,/altitudes froa 0 to 500V m. These results are close to
data, obtained of I. G. Pcuelko. In the examination ot the
graph/curve, given in Fiy. 2.5 one should consider that the
recurrence of the icing or scneduled flights at high altitudes will
be somewhat above since tae experimental flights, on the basis of

results of which is constructed the graph/curve, wa2re conducted

predominantly at heightssaititudes to 5000 m with purpose of the most
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confident determination of tne conditions of icing.
In the examination of synoptic situation, it is necessary for

the pilot to focus attertion ou tnat, it will flight pass to internal

clouds (in a homogeneous air wass) or with the intersection of the

fronts (heterogeneous air masses connpected with interaction), what in k
this case types of cloudiness can oe enccuntered and at what

height/altitude are found upper and lovwer cloud bases.

Some ciouds, which were beiny formed as a result of different 5
i processes, according to tneir appearance are similar between

themselves. This can lead to tne incorrect estimation of the

conditions of icing.

LRl Jrey S




DOC = 79116203 Pace J0d

80 T T
© b |
L A
Tw t !
I
W FEET -
LET .. DA
SEE i I
' 32 ] ‘ )
§¥% L0 v
J 2000 «000 §000 8000 Hae

Pig. 2.5. Accunmulated frejuency ot the cases of icing (343 cases) for
di fferent heights/altitudes (accoiuing to data of the experiwmental

flights of aircraft with [V and TVD).

Key: (1). Accumulated frejyuency ot the cases of icing in o/o.

Page 51.

Por example, the cumuionimbus clouds and nimbostratus are
characterized by the varied conditions of icing; lLowever, frequently

these cloud forms are mixed,.

Among pilots, and aiso synoptics there is an opinion that the
icing appears sainly durang the intersection of fronts.
Actually/really, accordingy to tae observations of the pilots of

scheduled flights most trejuentiy the icing occurs in frontal zones.

TRV W o ST e AR, 3K, T A WO Py e sraewy R oy ¢
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Hovever, in this case 1t 1s necessary to bear in mind the
following: frontal cloudiness 1s characterized by considerable
vertical development, in conseyusuce of which during the intersection
of the front of clouds the pilot always cannot pilot above clouds.
The clouds of uniform air masses have on vertical line considerably
smaller extent, which makas 1t possible for pilot to fly above theam
and, therefore, to avoid i1ciugy. Tnerefore the great nuaber of

coasunications/reports about acing falls to frontal cloudiness.

Vhile conducting ot speciral tiights for the i1nvestigation of the
conditions of icing it was ustaolished/installed, that the strong
icing frequently can occur, ais0, in the clouds of uniform air
masses, Is explained this by tns ract that the zone of 1ciﬁg in the
clouds of uniform air mass covers entire supercoolad drop region of
these clouds. Stratus and stratocuaulus clouds can stretch to very
large areas and the zone or iciayg an them can reach 1000 and wmore
than kilometers. Therefoire fliyat an such clouds can be prolonged and

rate of icing will be consideraosie.
Table S5 gives on the wvasis ot observations in experimental

flights on the aircraft or Ll-12 and Il-14 data about a quantity of

cases of the icing of datrecrent deyree,

A 0 L S Lot g YR
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Table 5. Quantity of cases or tua aircraft icing of I1l-12 and I1-14

in flight (on heights/altitudae to 4U00 m) depending on synoptic

situation.
o i@ oanaecTBO cayvaes o6ae1cHuilin
c i ' B % npH cTemenu obrerenemim
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Key: (%) . Synoptic situationl.

FOOTNOTE ', The determination orf the scale of rate of icing is given

on page 54, ENDFOOTNOTE.

(2) - Quantity of cases ot icimy an o/o with rate of icing. (3). weak.
{4) . by average. (5). stronyg. (b). Warm uniform air mass. (7). Cold

uniform air mass. (8). warm trout. (9). Cold frcnt.

E Page 52.

Prom this Table 5 it 1s evident that a great nuamber of cases

t
‘ vith strong icing vwas opserved in cold uniform air masses.
"
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This, of course, it does aot mean that in frontal zones it

cannot be encountered stronyg rate of icing, )

It should be noted tndat tuls table, obtained on comparatively
limited data and relating to ameiynts/altitudes to 4000 a, he ;
indicates only the possioility ot strong aircraft icing and in the 3
clouds of uniform air masses, wanich always is not considered in
proper measure by pilot. However, the cases of especially strong

icing, as a rule, were ccnnected with frontal zones.

All clouds of unifora air aasses (laminar, stratocumulus,
cusulonimbus and cumulus) are cndracterized by the tact that in their
upper part they have mcre major arops and large liguid-water content,
that also CBUuses more intense icingy in this part of
the cloudiness, Especially intense icing can be in the cumulonimbus
clouds. On the contrary, aimbostratus and altostratus cloudiness of

vars fronts is frequently candaracterized by the high sizes/dimensions

of drops and by the higu values oi liquid-vater content im its lowver

3 part vhere consequently, aud 1s observed the most intense icing.

‘ With intense snowfall tne cioudiness of warm fronts is

f . impoverished of drop moisture. Tnerefore sharply pronounced warm

=
—
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fronts with powerful/thick varticad cloudiness and heavy
precipitation in the form ot snow are not usually accompanied by
strong icing. The icing o0& iarge Lutensity is possible in warm-fron
clouds when they do not nave too considerable a vertical development
and do not give consideraoie precipitation in the form of snow. This
makes it necessary to reexdmiue tue opinion propdgated until this
time among pilots that tme zZunes or intense icing in by heat front
coincide with its those saectiuns wuere falls heavy precipitation in
the fora of snovw. The horizontai oxtent of the zone of icing during
the intersection of waram fiout (in perpendicular direction) can reach

200-400 ka.

The vertical extent ot tue zZone of icing in wvarm-fron clouds is
limited to the height/aititude or the transition of droplet clouds

into crystal or msixed ciouds and can reach 2000-2500 m and more,

Icing in cumulonimbus coiu-tront clouds bears identical
character with icing in tne cuwuionimbus clouds of uniform air
masses, since the fundaasental dirrerence in structure not no those
and other clouds there arg. icing intensity in the cumulonimbus

clouds in their upper part caun teach very high values.

Page 51.
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3. Degree and icing intensity.

Should be distinguished rate of icing, under which is understood
a quantity of ice, which was veiny formed on aircraft for the time of
entire flight under conaditions ot icing, from icinjy intensity, i.e.,
from the speed of build-up/growta or ice formation. Both these

concepts is closely related to eacu other.

Rate of icing is determined by the rate of formation of ice and
by the retention time or aircrart under conditions of icing. For
example, if aircraft short-term was found under conditions of intense
icing, rate of icing, i.e., a yuantity of ice, which was flotted on
the surface of aircraft, can ve swmall. and, on the contrary, in other
case with the execution or rlaght in the zone, which is characterized
by weak icing intensity, on aircrart can be fcrmed a large quantity
of ice due to its prolongea stay uunder conditions of this zone. Thus,
icing intensity yet does not determine the quantity of ice, which is

accumulated on the external surtace of aircraft.

The surfaces of separate aircraft components in dissimilar
measure are subjected to the 1cing; a quantity and the thickness of
ice forming on them are dittereat. It is obvious that for the

characteristic of rate of icing 1t is necessary to agree, with

respect to what aircraft coampounent it is established/installed?.
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FOOTNOTE !. In the literature nowsver frequently are given the
quantitative values of iptunsity and rate of icing without the
indication of concrete/specifiics/actual aircraft component. Ln the
ma jority of such cases 1t 15 implied that the discussion deals with

ice formation on wing. EMFOGOTNULE.

The used concepts: "siiynt 1cing®, "moderated", "stronyg", under
which more frequently is undaerstoou rate of icing, must, obviously,
express to what extent uangyerous these or other the conditions of
icing for this aircraft. oOitrerent aircraft types are differently
equipped by anti-icing means. Furtanermore, the effect of icing on
aircraft performance can snarpiy cnange with the same thickness of

ice outgrowth in dependence on its form.

Therefore, in ordex to deteramine how dangerous is icing, it is
necessary to know: the efrectiveness of the anti-icing protection of
this aircraft, the intensity or tae increase of ice, the temperature
of surrounding air, the extent ot the zone of icing and finally the
form of the generatrix ot i1ce. Because of this to give the
concrete/specific/actuais scale tae degree or icing intensity for all

aircraft types is difficult anu such concepts as "weak", "moderate"

or "strong®™ icing, they uedar in practice faster qualitativs, than

iy,
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quantitative character.

For determining the icainy intensity are applied the special
instruments, based on dirrerent principles. In this case the icing
intensity frequently measure not oy the mass of deposited ice, but

according to change the tnicknesses of ice layer per unit time.
Page 54, 3

on aircraft for sounding, and also in the series/row of scheduled
flights (for example, Ii-14, L[i-13) sometimes is utilized for this ﬁ
purpose the indicator of iciny, which is the small profile with g
measuring rod, with the aid of which the pilct can determine
thickness and speed of the increase of ice, forming on indicator.
This method, in spite of its low accuracy and number of other

" deficiencies/lacks, has the advantage that besides the icing

intensity and thickness or i1ce tae pilot can also determine the form

of icing, which has importast vaiue for the evaluation of the effect

g« aroe - oo g s

of icing on flight aircraft quality/fineness ratios.

e e

Pig. 2.6 gives the puotoyrapun of the standard indicator applied
in test flights of the icinygy GosNIL GVP, which is equipped with
electric heating for the periodic removal/distance of ice. In

connection with this type of indicator in Table S5 is conditiocnally

T TN AR g e 11 BN IR
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accepted the following scdle oi rdate of icing:
- weak icing - thickuess ot i1ce on indicator of less than 15 mm;

- average/mean icing - thickaess of ice on indicator from 15 to

30 omg

- strong icing - the tnickness of ice on indicator is more than

30 mm.

Vhile conducting of tne tests of de-icing system it must be
determined are the condition or tane natural icing which encompass the
temperature of surroundiny air, liyuid-water content, size/dimension
of drops, duration of iciny. Lijuid-watar content and size/dimension
of drops can be united ror tne uerainite flight speed in one parameter
- icing intensity which dependiny on the coefficient of settling
drops is different for th2 bodies of various forms, and which

determines change per unit time ot mass or thickness of the

generatrix of ice.
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| Pig. 2.6. standard sight inaicator of icing GosNII GVF Il-13

] installed on aircraft.
Page 55. r

F Is obvious, precissiy, a4 Judarity of ice forming per unit time

[ together with the temperature or surrounding air and by tiae factor
' it will determine, to waat extent are light or sevare conditicns of
the icing, in which tests tue de-icing system. The icing intensity of

‘ standard indicator is deterwined oy the following formula: 1t

R J 4:._;'{5"'."“\', Aw_ o
K T

vhere s - an icing inteasity or indicator in the mm/min;
oK Y

B - dimensionless couerricieuat of freezing,
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k.. = a dimensionless inteyral iocal coefficient of falling of the

|, = true airspeed or aircrait in the ka/h;
¥ - water content of clouds in g/m3; -
¢, - density of the y2nerat.ix of ice in g/cmd,

FOOTNOTE 1!. It is not ditficult to see that formula (2.1) is obtained
frem formula (1.1), in contrast to which the icing intensity is

expressed here in mm per ainute. ENDFOOTNOTE.

The geometric dimersions of standard indicator are selected in
such a way that the coetricient or settling drops E depending on a
possible change in the sizes/uiwensions of drops and tliguat speeds
changes within small liaits anu can be accepted equal to 0.9. The
coefficient of freezing p, wihica is the ratio of the mass of the
generatrix of ice to the mass of tne depositing water, as show
calculations [12] at temperatures of air below minus of 59C in the
ma jority of the cases cananyes iasignificantly and is close to unity
for the specific speed ranye. With especially large water content of
clouds and large flight speea tue coefficient B can considerably

differ from unity.

i e v ———— [P
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Ice density can changye suostantially; however, its effect on the
icing intensity of indicator is incomparably weaker than water

content of clouds whose vaiues can change tan times.

For the exceptions/elimination of the direct erffect of flight

speed it is possible tc introduce the relatiocn:

-~
vhere J - the relative intensity (in mm/km), which characterizes the
thickness of ice, the patus forwiny on the standard indicator with

the passage of unity;

e = speed of the increase oL ice on standard indicator the

am/ming
I', = true airspeed of aircrart in km/min.
Pages 56-57.
Thus, the parameters or uedius at the tests of the anti-icing

system can be approximately evaiuated by path from the measurement of

the temperature of surroundiny air, relative icing intensity and its
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duration.

Processing static data 1or period from 1954 through 1962,
obtained GosNII GVF duriny tane tests of aircraft under conditions of
natural icing they made it possipnie to establish/install the
recurrence of relative icingy 1ntensity at different temperatures of
surrounding air. Were piocesseu v8d7 cases of the icing whose duration

comprised not less thanm 5 minutest.

FOOTNOTE t, In working/treatment and analysis of material accepted

lots the engineers V. V. Paziov and A. A. Vcdyanaya. ENDFOOTNOTE.

The assembled material was obntalned in essence on aircraft with TRD

and TVD and partially can poston-enylned aircraft.

Fig. 2.7 gives the i1sopletas of the recurrence of the relative
icing intensity of standard indaicator in percentages of a total
quantity of cases (887) aependang on the values of the temperature of
surrounding air. Data are relateud to the conditions of icing above
the territory of the Eurcpean USSR in autumnal, winter and spring
periods and cover altituae ranye to 8500 m. As can be seen from
graph/curve, relative intensity, rwaching with temperatures froa -5

to -10°C high values (om tne order of 1-1.5 ma/km), sharply decreases

at temperatures lower than -159¢, and, for example, for the isopleth,

oy —
it

i

o

 qnre ©




DOC = 79116203 race s34

vhich corresponds to 10/0 or cases, it is within the limits of

0.11%-0.15 ma/km for a teamperatute range from -20.1 to -259C.

It should be noted tndt tue caaracter of curves on graph/curve
shows that the icing cam occur at very low temperatures of
surrounding air, apparentiy, up to -50 - -60°C, that also is

confirmed by actual ocbservations in cumulonimkus clouds.

Three points (A, B, C) separately plotted/applied on
graph/curve, correspond to tniee actually observed cases of icing
under severe conditions., doreover point B is related to the case of
intense icing at temperature trom ~44 to -46°C, which occurred at the
height/altitude of 8540 m in fligynt of the aircraft of I1-18 above

Atlantic in section Kaflavik-galitak on S5 October, 1961.
The duration of iciny was aoout 15 min.

The comparison of this gJraph/curve with the analogous ones,
vhich relate to water ccunteut ot ciouds (see Fig. 2.1), shows that
the character of curves is ciuse in both cases. However, it is
possible to assume that data on liyuid-water content in the range of

temperatures from 0 to -9 are somewhat understated in comparison

with the actually observed values ot icing intensity.
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Another graph/curve {(fiy. <£.3) illustrates the dependence of the

quantiles of the relative icing intensity of different percentage on

T ¥ 2 TR~

the temperature of surrcuuaingy 4ir. For example, upper curved

graph/curve is 990/0 quantile waich shows that 990/0 of cases for

PRI,

each temperature range ot the extecrnal of air the observed values of

relative intensity were less tnan the values, corresponding to this

1T R T

curve. So, at temperatures or surrounding air from -25 to -30°C in

.

990/0 of cases of the value of relative intensity they did not exceed

0.2 am/km.
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actual data. (4). extrajolateud isopleths.

Page 58,

Without submerging to tme astailed analysis of the led

graphs/curves, let us note that tauey for the first time establish

connection/communication pstween tue directly measured icing

Y T e e
L N

intensity and by the temperLatura or surrounding air and they make it
possible to propose the standard conditions under which must be
checked the de-icing systam ot asrcraft. Graphs/curves at the sanme
time show that if we are oriented to the maximum values of relative
intensity, natural condition test of icing they will require a very
large quantity of flights, taxiny into account small probability of

encountering the required couditions.
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actual data. (4). extragoiated 4quantiles. (5). Number of cases.




————

DOC = 79116203 Pace /26
Page 59.

One should also bear iu winu that in spite of a considerable
number of cases (887), this @atelial it is related to the specific
geographical area and to the speciric period of time and therefore it

cannot pretend to the ccuprenensive completeness,

Is of practical interest tue establishment of the dependence

between the icing intensity of iadicator and wing of aircraft.

For this purpose with tae execution of experimental flights on
the aircraft of Il1-14 were conuucted the simultaneous measurements of
the thickness of ice on standard aiudicator and it is direct on
leading wing edge in the sectiou, thickness ratio in which composed
~150/0, and chord length 3.1 w (17 j. As a result was obtained the
graph/curve, given in Fig. Z.J3. Neasurements were conducted in 12
flights. The form of ice i1mn eaca riight sharply was changed. that the
obtained dependence betweun the acing intensity of indicator and wing
is valid for the majority of tue conditions of iciny. We will compare

the obtained experimental data sitn theoretical ones.

The icing intensity of wany [, 1is expressed by the following

formula:

5 w D

[f"'“ET“?‘ff‘f""‘:\ ¥ MM MU, (2.3
hlg,

Jop=1
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. 3
4 Key: (1). mam/min. ‘
vhere £,iprmupun - dimensionless iategral local coefficient of h

settling near the critical point or wing profile.
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Pig. 2.9. Dependence betweeu the icing intensity of wing and standard

indicator.

Key: (1). Thickness of 1ice on w#any in mm. (2). Thickness of ice on

indicator in mm.

Page 60.

Pig. 2.10 gives theoretical aependence £, prowaipuia and
F . iproswn yrararesa OR the mean radius ot drops rp for speed 270 kams/h. If
we disregard/neglect changes 1in the coefficient of freazing for the
wing and the indicator, waicao undergo icing under identical

conditions, then will be vaila the relation:

j.,p l;Ll\p‘rO‘l‘\’.l nptd Ii'r__

I Il LA 1O T Y Tt

accepting r,-5 p (as tnuw most frequently encountered

ST
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size/dimension of drors) and using graphy/curve in Fig. 2. 10, we will

obtain
I 0,52,

Let us turn again tc Figye 4.9, from which it is evident that
until ice outgrowth substantiaily uistorts form and geometric
dimensions of indicator, tne reiation to the icing intensity of wing
to the icing intensity of indicator does not exceed the limits of
0.,46-~0.48. This testifies anout tne satisfactory convergence of
experimental data with thaoretical ones, Certain scatter of pcints on
graph/curve is explained maiuly py oscillaticns/vibrations in value

rep, and also by errors or ooservation.

With large thicknesses of 1ce the given dependence between the
icing intensity of wing anu indicator no longer follows theory, since
wing profile and profile ot indicator cease to be by the easily
streamlined bodies, and caiculatious to them in this case are not
applied. An insufficient Juantity of points and their considerable
scatter does not make it possivie to confidently conduct curve

Ip=f(Jy;) ¥ith the thickness of ice of more than 60 nnm.

In experimental fligyats pesides visual observations of the

increase of ice on wing auad standard indicator was conducted

continuous recording (taga recoruing) of the icing intensity of a

.
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rotating cylinder, which #as tane cfeceiving part of the special
instrument - the aircrart meter oi icing (SIO). The speed ot the
E increase of ice for the rotat.iay tound cylinder is expressed as
follows:
FaV' W

! J, . (2.4 g
C itma,

vhers J. - an icing inteasity cf cylirnder the mm/min;

E; - integral complete coertricient of settling.

TR I T ———
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Fig. 2.10. Dependence ct ctne iantegyral local coefficients of settling

for a wing and an indicator on tue mear radius ot drops.

Key: (1)« u. i

| Page 61,

Simultaneous measurcment in tue flights ¢f values /.. W and
sizes/dimensions of drogs (tnat maue it possible to calculate the

coefficient of settling /. 1t came to light/detected/exposed the

———

conformity of findings with taeoretical ones, and also the
satisfactoriness of the appiied methods for measuring of liguid-wacter
content and cloud micrcstructuce. certain disagreement of the
measured icing intensity of cyliader with that calculated should be

related mainly due to tue assum,tion ot the permanent density of ice.
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In the literature is given tae most varied information about a
maximally possible icing iutensity. Frequently in old prewar sources
it is possible to meet the anuwmerai of 25 mm/min, true, given without

the indication of that, to wnat diicraft component it is related.

In order to determine, walcn in actuality possible maximum icing
intensity, let us turn anew to ddata about the liquid-water content of
supercooled clouds and let us proauce the calculation of the rate of
formation of ice according to formula (2.3). In this case, taking
into account that with lacrye liquia-water content and insufficient to
the low temperature of air treczZe will all depositing on protile
water (coefficient of freeziny p<1), le* us explain the maximum
values of water content of Ciouds at temperature of air below minus

of 15°9cC,

From graph/curve in Figy. <.Z 1t is evident that at the
temperature indicated in YY90/0 or cases the liquid-water content does
not exceed 0.5 g/m3, However, tuis does not eliminatélthe much larger
values of water content of clouds. In all known to the author
measurements (discussion dedis witu direct measurements with the aid

of instruments), water coatent of clouds at temperatures of air of

lower than -15°C did nct exceea 2 y4/m?¥ (this value is not by the

LT
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"instantaneous", but averagye ror a period into several ainutes).

Let us determine the iciany intensity of the wing of aircraft,
which flies with true airspeea oUv km/h. The integral coefficient of
settling drops near the critical point of wing rrofile with chord 3-5
m can be accepted, as this toilows from dgraphscurve in Fig. 1.16
equal to 0.7. Water content or clouds let us accept 2 g/m3 and

densities of ice 0.8 g/cm3.

Then

0,7-600'2 (/)

Jp= 60.0.8 =175 um nun.

Key: (1). nm/min.

As vwe see the obtained result so already it is not distant from
the numeral of 25 mm/min, yiven an prewvar literature. One should,
true, note that the coefticieat of freezing B for given speed and
liquid-vater content will pe at tewperature of -159C substantial less

than unity which will lower the vaiue of intensity.

Page 62.

The given elementary calculation i1s shown, how high a rates of

formation of ice can be encountered in naturelt,
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FOOTNOTE !. For the author in numerous experimental flights it was
repeatedly necessary tc fix/record the intensity of icing (on
standard index) on the cider or «-3 mm/min, and only twice it was
possible to observe in cumuionimbus cloudiness the intensity which
was 6-7 mm/min, that was evaluated as especially severe conditions of
icing. However, in the case with aircraft "Vangard", to which already
they referred and which is descrioed at the end of this chapter the
icing intensity of wing i1t reacned, apparently, not less thanu 25

ma/min. ENDFOOTNOTE.
4. Porms of icing.

Up to novw 1s absent the conventional classification of the forms
of icing., The difficulties of aeveliopment by clear, simple, and at
the same time sufficient precise and detailed classification will
become clear, if we rememoner entire diversity of the factors on which

depends the formation/educdation of one or the other form of ice.

Was proposed several aitierent classifications, but they in
majority their either are too compiicated for practical targets or

they vwere based on any sijn/ciaterion and do not cover all

characteristic features or one or the other fecrm of icing. The foras
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of icing should be distinguisned vy the conditions for their
formation/education, the tora ot ice and by its distribution on the

ving profile of aircraft.

The observations, wmade wy tane author with the execution cf
numerous flights under coaditions of icing con different aircratt
types, made it possible to estdoilish/install [21] that ditferent
forms of the icing encountereud in practice can ke brought to the
following two bases whose emergyence is connected with the presence in

the atmosphere of the supercooiea water drops.

The icing of the fiist torm is formed in the medium, which
contains the sufficiently ma jor sugercooled Arops. This the form of
ice they call sometimes "pure/cieaun", “"glassy", and also
"transparent®, which is not eatire.y accurate, since more frequently
is formed semitransparent ice. oy the characteristic feature of this
form of icing is the considerdvie propagation ot 1ce crust along the
airfoil chord of the winy or a.rciaft, i.e., the large width cf
capture ice of profile. iIn this case directly on quite leading edyge
is formed the uneven ice outyrowtn, in form which reminds the flat
trough whose edge they are directad at certain angle toward the
incident airflow (Fig. <.11). 1In the sections of profile, distant
from leading edge, appears the tainner layer of rough, uneven ice,

that is spread at a distauce ot 200-300 mm and more along cherd.

e N w
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Ice accunulation on largye wiath and emergence of U-shapad" ice

outgrowth can be explained as tolilows.

As was shown, major Jdrops are little deflected/diverted by the
airflow which flows around aoout tae body and because of this deposit
on larger in width the section oi surface, than small/fine drops.
However, besides in additiou to tais large role it plays the
spreading of drops on boay suctace. The process of the freezing of
ma jor drops is accompanhied by the iiberation of a considerable
quantity of latent heat or rusiou. If in this case the temperature of
air too not low and heat excnange with the environaent occurs then
not rapidly, drops will frecze not immediately. Deposited on the wing
surface, major drop under tne action of airflcw before freezing will
spread or certain surface. Howevar, small/fine drop is displaced
insignificantly, and it freezes alimost instantly.‘fhe spreading of
major drops and their freeciny dt certain distance from leading edge
it will cause with the exscution of the flight of aircraft in the
medium where predominate mad jor arops, more intense increase of ice on
the edges of profile, that also wilil lead to the emergence of

characteristic "U-shaped" 1ce outgyiowth.

Sometimes is explained tne rogmation/education of this form of

A A
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ice outgrowth by the effect or tne kinetic hesating of the wing
surface and by the positive temgerature in the zone of its leading
edge. In this case of drop (lalgye/coarse and small/fine) they will
flow on upper and over [pressure siue of profile into the sections of
ving more distant from leadiny edge with minus temperature, on which
will occur their freezing. However, this does not explain the
emergence of the "U-shaped" rorm or ice in flight at speeds 200-300
km/h, when heating the wiay surtace virtually can be
disregarded/neglected (witan surfticiently low temperature of

surrounding air).

Color and specific weiynt of 1ce is determined by the conditions
for its formations/education. Tue spreading cf drops it leads to the
fact that with freezing Letween sejarate drops barely ramains air
bubbles. Because of this i1s formea dense semitransparent ice, which
possesses the greatest conesive rorce with the surface of aircraft.

The specific weight of this 1ce - 0.6-0.9 g/cm3.

Thus the formation/education of the first form of icing must
occur with the specific relatiousnip of the temperature of the
external air and temperature ot tne surface of aircraft and with
predominance in air of the suificiently major supercooled drops
(practice confirms this). The described form of icing most strongly

affects a change in the asiodyuamic characteristics of aircraft.
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Fig. 2.11, Schematic diayraw of two basic forms of icing. 3
-

Key: (1). fornm.

Page 64.

The icing of the second rora appears in flight in the clouds,

vhich contain the small/tine supercooled drops, or the mixture of

small/fine drops and ice crystals. This fora of icing is called

i ST s

-

sometimes "mixed", and also “opdayue"™ or "dull", which is not also

entirely accurate, since its coloi can be different.

.
e e
C ——— e

The form of icing indicated i1s formed in entire temperature

range of icing and sufficieantly soiidly it floats of aircraft.

TR SN TR T

Sometimes in this case iciny nas vutwardly well expressed crystalline

structure and then it is cailed "rime" or Y“crystal" ice. (One ought
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not to forget that the interanai structure cf ice on all forms of
icing is always crystal, duu, 1r speak "amorphous" ice or "crystal",

then in this case they bear a0 smina only its appearance).

The characteristic tedature ot the second fcrm of icing is ice
accumulation in a compaiativeiy ualrovw section of the wing leading
edge, near its leading edye. in tauls case ice outgrowth in the
majority of the cases at rirst anas tapered form, Opacity and
considerably smaller specitic weiynt of ice (0.2-0.6 g/cm3) are
explained by the fact that tae smail/fine drops rapidly frzeze,
barely spreading over the winj surtace, retaining the form of
balls/spheres, in conseyuunce ot wnich this torm of icing contains
many smallest air bubbles. 1ne presence in cloud of the ice crystals,
which fall to the wing surtace tugjether with the supercooled drops,

contributes to the almost instantaueous freezing of the latter.

Prom those examined Jr ctwo evidently icing the first form is

large danger for an aircrart. is encountered it less often than a

.
- — B

second. Frequently occurs intermediate type icing, which approaches

either the first or the second torca.

In special flights on tae dircraft of I1-14 (total number of

o

observations - 93) the iciny or tne first form appeared into 12.90/0

of cases, second form - iuto b4.d0/0 and intermediate type icinyg -
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into 32.30/0. According to tae statistical data about the icing jets,
obtained from crews, ice or tae ticst form is encountered

approximately into 300/0 0L CaSes.

Besides two forms or %“arop" icing, known also icing in the form
of hoarfrost, i.e., the light fiuely crystalline coating, which
appears as a result of water vagor sublimation. The
formation/education of aovartrust on surface in flight is usually
insignificant according to its sizes/dimensions. But it is necessary
to remeaber that the hcarfrost, waich was baing formed on the surface
of aircraft during its standiny on the earth/ground is serious
danger. If we the deposit or hoartrost do not remove from the surface
before the takeoff, then they cau iead to serious consequences in

flight,

Fig. 2.11-2.14 gives diagyrammatic representations ot two basic

foras of icing, and also pnotoyrapaing of ice outgrowths.
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Page 65.

Fig 2.192 g 2,13, ﬁ]g'egw4
Fig. 2,12. Ice accumulatiou, cicse to first form of icing on sight
indicator, established/instailed on aircraft cf 11-12,

Fig. 2.13. Ice outyrowtu, split oiL from wiag leading edge.

Fig. 2.14. Ice outgrowtn, spiit ofr from thin profile (icing of first

form) .

Page 66.

5. Short descriptions of separate tlights under conditions of icingy.

Is of practical interest tne uescription of several exaamples of

aircraft icing which was observed in experimental ones, and also in
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usual, scheduled flights.

Example 1. 17 Aprii 1998 aarcraft Tr-104 during the execution of
experimental flight ip azed y. Novosibirsk it met the icing of larye
intensity. The target ot tlight cousisted in testing of tha de-icing
system of aircraft. Synoptic situdation is represented in Fig. 2.15.
Flight was conducted in cumuioniabus cloudiness of secondary cold
front at the height/altituue or 18u0 m at temperature of surrounding
air from -5 to -69C. The speed ot aircraft according to instrument

was 400 km/h,
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Pig. 2.15. Synoptic of situation 1n 15 hours con 17 April, 1958. ¥

Key: (1). Krasnoyarsk. («¢). Novosivirsk. (3). Pavlodar. (4).

Semipalatinsk. (5). Conventionais designations. (6). Cold front. (7).

occluded front. (8). lcw pressure. (9). increase in pressure. (10).
snov shower. (11). rain. (1<} pressure drop. (13). Secondary cold

front.

e -

Page 67,
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For a while in the beyginningy of flight icing intensity on
standard indicator osciilated iu tne limits of 1.5-2.5 mm/min, but ﬂ
then sharply increased and 1t dcaieved 6 mm/min (for three minutes [
the thickness of ice on i1adicator increased by 18 mm). Under these |
conditions on unheated aircrart couwponents was observed the rapid
increase of ice. On the iwduiny eugyes of wing and tail units in the
connected de-icing system ice vas uot formed. At the same time as a
result of the runoff of tae dro,s of moisture from entering edge on
profile on it beyond the limit <t the warmed zone was formed
so-called "barrier ice". Kol outcrop from the zcne of icing the speed ) 3
vas increased to 650 kms/h. At this speed ice descended with all

aircraft components during < wiu.

Example 2. The same aircrat* of Tu-104 on 21 April, 1958, 3
with the execution of expeilmeatas flight, intersecting occluded
front (Fig. 2.16), met icany 1n intensity more than 7 ma/min. In the
zone of occluded front 1t was owuseived the developnent of

cumulonimbus cloudiness and cioudpursts with thunderstorms.
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Fig. 2.16. Synoptic situatioa in 15 hours on 21 April, 1958,

Key: (1). Smolensk. (2). Moscow. (3). Vitebsk. (4). Minsk. (5).

Convantional designaticns. (v}. wow-movement front. (7). wara
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occluded front. (8). lcw pLessure. (9). shower precipitation. (10).
incidence/drop in pressurs. (11)/ warm secondary front. (12).
fog/mist. (13). thunderstorw. (l4). cold front. (15). secondary cold

front.

Page 68,

To west from Minsk was arrausgjed/located the section of warm
front and the low-pressule trouyua connected with it which caused

cloudy weather with widespreau Lain.

The contrast of the tewperature of air masses, divided by
occluded front, compos2d 29C OL 5SuUuJd m, 3°C - on 1500 m, but at higher
levels, it is more than 3svuu w, occludedl front in tempesrature field

it was no* outlined.

Yhe zero isotherm was arraunyeds/iocat=2d, approximately/exemplarily,
between 500 and 1000 m, but at tue height/altitude of 3000 m the
temperature of air reacaea trom -9y to -119C; therefore at
heights/altitudes from 5Suuv to 3vyv m in the layer ot cloudiness of
this front it was possicie to expect intense icing and bumping of

aircraft.

Plight was conducted at tae neightss/altitudes of 2000-2400 m,

Comtls £ bl tnom s e £ Ereoadatae s e«
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with indicated airspeed 4Ju km/h, at temperature of surrounding air
from -8 to -11°C with constantiy connected deicer of aircraft and

angine.

At first icing intensity in thne averade was 2 am/min, in this

case the aircraft periodicually entered into cloudiness and left it.

Under these conditions was opseived the flowing ir of moisture and

ice formation in the unneated sections of keel and stabilizer, and
also on the external surtace ot tne air intakes of engines. Ice was
formed also on the nose/le¢adliuy euaye of the air intake left-side
engine which did not have tue 1utensive heating. wing remained free

from ice.

After 10 min of fligynt iau tae cumulonimbus cloudiness the icing
intensity sharply rose. Arter 3 uwin of flight the thickness of ice on
indicator increased by << am, 1l.e¢., icing intensity for this time
interval achieved 7.3 mm/uin. Tae temperature of surrocunding air
composed -11°9C, Flight speeu was iincreased to 600 km/h according to
instrument; however, ice on some surfaces of aircraft remained up to
outcrop from the zone ot icingy. ruirther with the set of aircraft
altitude left the cloudiness, atter which ice was distant trom all

aircraft components and enjine.

After fitting/landingy wita inspection were discovered the
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considerable damages of two biades of input guide ring and four
blades of the first ccmfplessor stage on the engine which was not
equipped by the improvead de-i1ciny system. These damages were the

consequence of the incideunce/iuwpingyement of ice into enqginel.

FOOTNOTE t. On the basis ot tane results of these tests the de-icing
system of power plants was i1mprovaa on all aircraft of Tu-104.

ENDFOOTNOTE.

Example 3. On 24 Apral, 1900, was conducted exparimental
flight on the aircraft ot Au-1v in area, situated on 200-300 km amor=2
northeastern than the Permian psriod. Flying area was located on the
periphery of vast cyclcane near tre occluded front (according to the
type of warm front), whicn duivideud the masses of more warm and colder

continental air (Pig. 2.17).
Page 69,

In warm air mass was observeda altocumulus and featherlike cloudiness,
in cold - stratocumulus and rain, in places fell snow. Fall under
conditions of icimy, in esseunce, 1t was carried out in the third (of
four levels) from the eartn's suirace clcud layer. The clcuds were

optically dense, but their structuze was mixed, in them snow f2ll.

The power/thickness of clouus on 4ll four levels was small, as a

RISEESN
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rule, it did not exceed L.yl m. Licing intensity oscillated from 0 tc

1.6 me/min.

Fig. 2.18 gives the grapan/curve of a change in the icing
intensity J and thickness or i1ce L in the standard indicator of
icing, used in test fliguts in LOsNIl GVF (see Fig. 2.6). The
thickness of ice on indicator i1s measured with the aid of dowel with
divisions, and icing intensity 1s calculated as the increase in the
thickness of ice, in reterence to time (AL/At mm/min)corresponding to

gap/interval.

Aircraft entered into the zone of icing at the heightyaltitude
of 3500 m with the switcued orf d2icers of wing and tail assembly.

The temperature of surrcuanainygy air composed minus of 89C; indicated

airspeed - 450 km/h.
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Fig. 2.17. Synoptic situation ou <4 April, 1960.

Key: (1) . Permian perioa. (<). Sverdlovsk. (3). It is Aktyubinsk.
(4) . Kuybyshev. (5). Kustanay. (o). Conventional designations. (7).
low pressure. (8). low-mobility rcront. () . occluded front.

Page 70.

It is characteristic that in this flight were formed ice, close to

the first form (semitransparent uaneven with the large width cf
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deposit along profile - Fig. Z.1319) . This immedrately affected a
decrease in the velocity o1 ievei rlight. With the thickness of ice
on indicator of approximately 20 muw indicated airspeed (during the
constant/invariable mode ot operation of engines) fell by

approximately 40 km/h.

Example 4, In fligat ou <5 april, 1960, the aircraft of An-10
met the conditions of iciny an Pe+fokfr\xfﬁ) area in the environs of

Leningrad.

Flying area was located on tae northwestern periphery of small
cyclone in the zone of occludea tront (Fig. 2.20). In flight wvas

observed multilayer cloudiness stratocumulus and altocumulus; in

ma jority its it had the mixed stiucture, from did not fall the snovw.

e vt ——
. T
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Fig. 2.18. Diagram of icing intensity and curve of the dependence of
the thickness of ice, ccustructea according to data of indicator in

flight on 24 April, 196(.

Key: (1). ma/min. (2). man houle (3). time.

FPig. 2.19. Ice accumulation in section of wing between fuselage and

second engine,
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tb flight under conditicns or 1iciny is passed at the height/altitude
of 3000 m, at indicated airspeed 450-380 km/h and tempa2raturz2 of
surrounding air from -10 o -119 ., Icinyg intensity on indicator
maximally reached 3 mm/win (Figy. 2.21). The time of the continuous
determination of aircrait unaer conditions of icing in intensity 2
sa/mnin and was more 10 min. Llce was formed intermediate form, closer

to the first tornm.

All deicers were cchniected prior to the entrance into
cloudiness. In spite of tais, occurred considerable ice formation on

the tail assembly and the alii intakes of enginest,

POOTNOTE !. On aircraft tested cne of the versions of experimental
de-icing system. Series-jroduced deicing systen,
established/installed on the aircraft An-10, is distinguished by high
effectiveness and provides protection from icing under the assigned

conditions.

Flow of moisture from the heated sections of the noses of the tail
unit and the air intakes of the engines and the formation of
barrier ice were also observed, during the operation of the
de-icers.

Y
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‘ Pig. 2.20. Synoptic situation om 25 April, 1960.

Key: (1). Petrozavodsk. (2). stocknolm. (3). Leningrad. (4).
| Kaliningrad. (5). Voroneza. {v). conventional designations. (7). low

pressure, (8). cold front. (¥Y). iow-mobility front.
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Page 72.

After 20 min of fliyat unuaer conditions of icing with the
vorking de-icing system tue sSpeeu of aircraft decreased by 50-60
kn/h, which rejuired for retainingy/preserving/maintaining the speed
transition to higher enyiane power rating (on 15° on control lever of

the fuel consumption).

Example of 5. Experimental riight, carried out on 9 May, 1961,
on the aircratt of Tu-104, 1n peilod with 16 hours of 35 min to 19
hour of 35 min on route Moscow - Sverdlovsk, passed within the
cyclone which had two centers (Fiyg. 2.22). One center of this cyclone
15 hours wvwas arranged/located in area Moscow and, 2tc. - in area d.
of Kazan. Prom the center, iocatea in area c¢f Kazan, southwards is
passed secondary cold frcnt, ana to the southeast - occluded front.
In different places of cycione was noted shower pracipitation. The
considerable region of precipitaticn was arranged/locatad before the
occluded front, and frontali cloudiness reached Sverdlovsk. 21 Hours
both cyclone centers meiyed into oune, and the occluded front and its

region of precipitatior and clouuiness they were displaced to the

northeast.
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Thus, flight consideraoie time passed under conditions of

occluded front.

Icing was encountered 13 nours of 17 min in area of Yanaul in B
cirrus clouds at the heiynt/aititude of 7700 m at temperature of
surrounding air from -32 to -359 ¢, The speed of aircraft according

to instrument was 550 km/u.
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2.21. Icing intensity ana tnickness of ice on standard indicator

in flight on 25 April, 1%o0.

Key:
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The conventioual uesigynations.

asssaaa - warm front.

Aaapsaa - cold front.

asbeadad - Occluded front.

Y — shower precipitation.

M - low pressure.

pressure drop.
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¥he conventicnal desiyuations.

M - low pressure. i
.
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4
i nm - drop of pressure.

R - thunderstorm.

g

cloud of different ftoLase.

U - shower precipitation.

Pig. 2.22. synoptic situation on J May, 1961,

a) for 15 hours; b) for 21 hours.




R S e

e
| MR e

DOC = 79116204 eacs /40
Key: (1). Moscow. (2). sveldlovsk., (4). Omsk.
Page 74,

Icing was short-term 2-3 wiu “ita antensity of 0.2-0.3 mm/min. Ice in
the form of white dense coating. subsequerntly the flight was
conducted at the heights/aititudes of 7500-6200 m and at indicated

airspeed 410-450 km/h.

For a second time aircraftt nit the zone cf icing at the
haight/altitud= of 6500 m at temperature of surrounding air -23°9 C in x
altocumulus clouds. The duiation oL icing was even shorter-term and

it composed only of 30 s.

However, icing intsusity ieacaed 6-7 ma/min (on indicator was

formed ice with a thickness ~~j3 of mm).

The examined case is interesting that this icing occurred at
high altitudes in cirrus ciouds ana at very lcw temperatures of

surrounding air.

Example of 6. On 5 CGctober, 1961, in flight tarougan Atlantic
Ocean in the saection of Ketlavik - Halifax the aircraft of I1-18

underwent prolonged intense 1ciuy at the heightysaltitude of
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approximately/exemplarily s5vu @ at very low temperature of
surrounding air from -44 to -40° C., True flight speed was 600-620
km/h. For 15-13 minutes c¢tf conctinuous icing on wing was formed ice in

thickness approximately 50 uan. rf

The analysis of suriace (Fz4. 2.23) and high-altitude (Figq.
2.24) weather map shows taat thne .cing occurred into that
moment/torque when aircraft eutereud into the upper part of the
cumaulonimbus cloud, which was oeiny formed in the zone of cold front.
This was on the anticyclcnic side ot the jet stream where in this
case they were observed Lotn iateral horizontal wind shears and wind b

shears along flow. The speed ot nead wind reached 180 km/h. 'f

i Icing intensity in recalcuiation on the indicator of icing was
' 5-6 mm/min, In this case averajye/mean water contert of clouds reached 'G

approximately 0.5 g/m3.

Example 7. On 6 Octower, 1901, passenger turboprop aircraft
"vanguard®™ of English cowpauy VeEA, Madrid cowpleted voyage - London,

underwent during Lhe cliwmb to extremely intense icing. On this case

e -

which deserves detailed description, it was ccmmunicated at

international conference aou tae problem of icing [41].

Aircraft icing occurred undes conditions of the standing wave
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before warm front, whica ware approaching Madrid (Fig. 2.25). Data of
radiosounding of upper air awove Madrid, Lisbcn and claret showed
that on 6 October, 1961, the rrontal system was continuous and it had
vertical extent approximately/exemplarily to 9000 m, It is
characteristic that this day tne two additional turboprop aircraft
"Viscount" of company VEA tney uit under the conditions of intense

icing.

Large icing intensity wdas, owoviously, the consequence of the
formation/education of the rlow ot mountain waves and orogygrathic
uplift (icing occurred 4avove a sierra-de-Guadarrama mountains). To an
increase in the icing intemsity contributed also the fact that the

icing occurred near point or occiusion.

Page 75.

Aircraft icing "Vauaguard%, waich was continuing for 10-15 min,
occurred in the climb ia sectiou, approximatelysexemplarily, between

2000 and 4200 m at temfperature o¢oi surrounding air from -10 to -12° C,

According to evidence of c¢rew members, as a result of icing ice
vas formed on spinners (in wdtei of rings) with a thickness of 50-75

mam in the individual sections or tne lower wing surface after the

warmed zone (in the forms ot tne 1ce outgrowths of the irregular form
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vith a heightsaltitude ¢t 100-1250 um). Furthermore, icing underwent
the unheated end sections ot wihy, in particular, section in the left
navigation light where the tuickaess of ice achieved 250 mm, and also

lateral glass of flight aeck. ¥Frout/leading glass remained free from (

ice.

Unheated leading wingj sdye a0 the section ketween the fuselage

and inboard engines and taii asseuwbly, unexamined from flight deck,

obviously, were also coverea wita ice of considerable thickness.

T PLL T T T
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‘ The conventional desigjuations.
B - high pressure.
H - low pressure.

] V - shower precipitation.
Mass448 - cold front.

asanas - warm front.

? - five-scale cloudiness, wind 4-6 m/s.
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Fig. 2.23. Synoptic situation 1u 15 hours on & October, 1961.

Key: (1). Keflavik. (2). wocation of aircraft of Il-18 during icing.

(3) . Newfoundland.
Page 76.

As showed later tests or aircrarft "Vanguard" conducted under
conditions icing, and also investigation on model airplane, thickness
of ice on the leading wingy-root edye could reach 200 mm. According to
data of experiments ice cn ths taii assembly was formed and was
discarded periodically; however, 1ts maximum thickness could be 130

Icing underwent alsc tne unprotected numerous projecting

elements/cells of aircrait.

The air intakes of engyiaes, apparently, remained free from ice,
wvhich is confirmed by the absence of any abnormalities in the

operation of engires,

Aircraft bagan the climo in nominal engine power rating and

o L hian - ek aad

o - e




DOC = 79116204 PAGE £
A

indicated airspeed 315 kxm/h (F1y. <.26). Upon the entrance into the
zone of icing operated/actuatea the signal indicator, and crew
included/connected the de-icing system of aircraft. As a result of
icing, which continued tor 1u-15 uwin, the vertical velocity of
aircraft continuously decreased anu at heightyaltitude of
approximately 5000 m feii to zero aespite the fact that the pilot
changed engine power rating to taxeoff, striving to break clcuds and
to leave the zone of icing. incicated airspeed up to this

moment/torque decreased to <7u-28U km/h appeared the strong agitation

of separation character wuich was perceived on controls.

~———— o e e
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The conventionai desiynations.

H - low pressure.

~m- 14-16 a/s.

v - 24-26 a/s.

Fig. 2.24. Upper-air chart Al-3uv b,

(H=9000 m).

Key (1) . Keflavik.

Paye 77.

in 15 hours on 9 October,
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Icing was discontinued, on piiot 1t was it was forced to transter
aircraft to the mode/conaitions or reduction. At the height/altitude
of 4270 m the flight coatinuea in takeoff engine power rating, with
the connectad de-icing systeak; true airspeed of aircraft at this
height/altitud2 ‘was 410 ka/n, waicn to 235 km/h is less than the

flight speed of aircraft unueir tanese conditions in the absence of

icing.

Ice from aircraft moved away completely cnly after the
flight/span of claret (appruximately/exemplarily third of path),
after which the de-i1cinyg systew was switched cff, and aircraft, after
collecting height/altitude or approximately 6000 m, is continued

flight in the normal mcde ot the #ork of engines and cruising flight

speed.




S T AR T TR T T e TR T e

DOC = 79116204

AN

N
iz \ \ \9%

\
1029

(» )

MECMOnRaReHUe .
camorema Bnzapias
80 dpems obnedenesus

<

The conventicnal aesiynations.

AAAAA - CcO0ld front,

M - low pressure.

B - high pressure.

AMMAMAA - occluded front.

FPig. 2.25. Synoptic situation an 15 hours on 6 October,

1961.
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Key: (1). London. (2). Pacis. (34). Bilbao. (4). Madrid. (5). Location

of aircraft "Vanguard" Quriny 1icluy.
Page 78.

As showed analysis, uz2terioracion in the aircraft performance as
a result of icing it regyuireu an i1ucrease in the power/thickness of
engines more than to 40cs/0 (1u coumgarison with the required pcower of
level flight at the heigjauts/altitude of 4270 m at indicated airspeed

330 km/h and ¢, =0.82).

Fig. 2.27 gives the poisars ot uniced and iced up aircraft. As
can be seen from graph/curve, the urag coefficient of aircraft ¢, at
the height/altitude of 4. lu m, iharcated airspeed 330 km/h and ¢
=0.82 it increased by 0.UJdZs buos/0 of this dray increment were caused
by ice accumulation in chickn2ss ve 200 om on the unheated leading
ving-root edges, 150/0 - oy iciuy of the tail assembly. The cthers
250/0 are caused by the i1cing vt tae lower surface of wing, and also

different unheated aircrart coagonents.

In the opinion of tirwm "Vickers Armstrong", the reason for the
emergence of the agitation or azicraft (buffeting) at speed 270-280
km/h was the icing of rcct or twe wing between the fuselage and

inboard engines and tail assewmbiies.
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The examined case wita aiicrait "Vanguard" shows that are
possible the extremely severe ccnditions of icing, although the

probability of their mectiny 1s very small.

As showed calculaticns, i11guiu-water content in this case vas,
approximately/exemplarily, o times of more than th2 maximum
calculated value of liquiu-water countent, accepted on English
standards, and it comprised, apitoximately/exemplarily, 3-4 g/m3 with
the diameter of droplets Z20-4v u. As the basis of calculation was
assumed the maximua thickness ot ice, which was being formed on

unheated ending of the lert hair wing and reached 250 am,

Fxample of 8. On 31 Janudary, 1963, the aircraft of I1-18, which
fulfilled training fligats in tne adverse weather conditions (landing
approaches) in airport coue vaukuve airport at the height/altitude of

400 m, long time was fcura unuer cunditions of icing.
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Pig. 2.26. FPlight profile of the aircraft "vanguard” on 6 October, )

196 1.

Key: (1). Nm. (2). km/h. (3)- C/min. (4). m/s. (5). Severe vibration.

(6) . Began icing, start or anti-icing systea. (7). Icinyg. (8). )

Sierra-de-Guadarrama. (Y). dadrid. {(10). Burgos. (11). Bilbao.

Page 79.

Plight was conducteu wita lb aours to 21 hours. In this period

of time area Moscow was located unuer the effect of destructive

ridge, and then under the etiect or weakly expressed trough and

secondary vwarm front (Fiy. <Z..8) forming in it., Trough was directed

from the cyclone, locatea 1n aite€a of Vinnitsa. Wwarm Secondary front

18 hours passed southeast Moscuw in the direction: Kaluya, Serpukhov,

Set. Kurovskaya, Vladirmir. Betfote the front were observed the mists,

and into the Set, Kubinka and vaitrov - fogy/mist. Front slowly was i
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moved in the northwestern direcctivin. In the zcne of front and before
i1t occurred the formatiuvn/eaucatiou of the cloudiness ot lower deck
vith lower boundary of 1luu-<uu m, while 20 hours in Moscow, st.
Chkalovskoy, Bykovo, Narorowiusk, sett. Vnukovo, sett. Kubinka and

Mozhaysk snow fell,

According to data oL aiiciaszt sounding into Wnukovo airport 15
hours stratocumulus clouuds were owuserved at the heightssaltitudes of
700 m and 1100-1500 m aud alitocuwuius clouds = at the

heights/altitudes of 45¢l-43890 m.

During sounding the teaperdcure of air in the earth's surface
was equal - 109 C, at tae neirjutysaititude of 400 m - 129 C, at the
height/altitud= of 1000 w - 9¢ ¢ gqud at the height/altitude of 3000 »m
- 129 C. Aircraft icing, provawsy, occurred in cloudiress, under the
layer of the inversion whose iowWsr bourdary was found at the
height/altitud2 of 400 w. Lower woundary of cloudiness 17 hours was
found at the height/altitude or 30U m and 21 hours was
dropped/omitted to 120 w. lue ciouuiness cof 10 palls, numidity in

vperiod with 15 hours tc <1 anours iucreased frcm 86 to J70/0.
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Fig. 2.27. Polars of aircrart "vangyuard". |

Key: (1)« without ice. (4). wita 1ice.

Fig. 2.28. Synoptic situataon 1in £0 hours cn 31 January, 1963.

Keys (1) Dmitrov. (2) Viauswir. (4) Chkalovskaya. (4) Moscow. (D)

Sus* Khrustad [?]. {6) Aubrnka. (7) Mazhaysk. (8) Vnukovo. (9)

3ykovo. (10) Kurovskaya. (11) Narotowminsk. (12) Serpukhov. (13)

Kaluja. (14) Tula.

2 ‘ a2
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Fig. 2.29. Icing of nose/ieadanj 2dge of center secticn of aircrart

of 11-13 1in unheated sectioun petween air 1ntake of air-air radiator

ard fuselage,

Fij. 2.30. Icing of lamp/cauopy of cockpit of aircraft of Il-18.

Page 31,
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Fig. 2.29 and 2.30 aepict pnoro of the root parts of wing and
forepart/nose aircraft ccampounent. in the unheated section of the
center section between tuseldaye doud air intake of air-air radiator
2ntire wing leading edge was cuvered with ice with a thickness of
30-35 mm, the width cf capture was 150-200 mm. On the frames cf four
front /leading glass cf cockpit was formed the layer of i1ce with a
width of 30-40 mm and wita a tuickness of 50-55 mm. The considerable
layer of ice (15-20 mm) was also 1iscovered on the frontal surfaces
of the unheated elements of rfuscliaye construction, and also on

front/leading and basic lauding ygear struts.

6. Some hints in accordance witn tne execution of flights under

conditions of icing.

In conclusion let us present several hints to pilot, which will
aid it correct to be orieusatea ¢ ad to avoid the zones cf most

dangerous iciny.

With preparation and execution of flight it is necessary to

focus attention on the toilowiny tacts:

1. Under what synoptical conditions is passed the route of
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flight? In uniform air mass, witnh the intersection of the fronts or

along front?

2. At what heights/altituues are found upper and lower

boundaries of clouds?

3. How is distributed temperature of surrcunding air on

heights/altitudes and waere pass 1sotherms 0° C and -10° C.

Most frequently the zoue o0f 1cing is arranged/located between

these isothernms.

4. If flaght is conducted in c¢louds ot uniform air masses
(laminar, stratocumulus, cumuius aund cumulonimbus), it is necessary
to consider that most intense 1iciny occurs in ugper part of these

clouds.

In this case upper bpoundary or stratus and stratocumulus clouds
rarely exceeds 2000 m, at tne sawe time the extent (on horizontal) of

the zone of icing in these clouas can be very large.

S5« If from stratus ana stratocumulus clouds falls considerable
precipitation in the form ot snow, icing intensity in these clouds

occurs weak or icing is avseunt. iz precipitation does not fall at all
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or they fall in the form ot tae supercooled drizzle, icing intensity

can be the averaqe and eveu yreatel.

6. In cumulus and cuwmudoninmous clouds cf uniform air wmasses
icing of large intensity can ove cucountered at heightsy/altitudes of
2000-3500 me In this case tne teuwperature of surrounding air can be
considerably below -10°9 (. Upper boundary of the cumulonimbus clouds

can exceed 4000 m.

Is most intense iciny in tane cumulonimbus and cumulus clouds in

spring and autumn pericds uf year.
Page 82.

7. In nimbostratus waim-rron clouds frequently most intense
icing is observed in thear lower part where water content of clouds
and size/dimension of dicps in majority of cases greatest. If warnm
front is not accompaniea o0y the positive temperatures in the lower
part of cloud system, tnen intersgcted it should be at the largest

possible heighty/altitude.

-—)
But if behind front begins warm air with positive temperature in

lower part cloudiness, tnen zone or icing behind front can be located

on middle, and sometimes and in upper part clcud system - high zero

D m—
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isotherm. In this case tne r£ligyat the front should be carried out at

low altitudes, where the temperature of air is positive.

8. Is most dangerous iciuj an freezing rain, oy most frequently
connected with warm frcat. icuiny aintensity in freezing rain is very
large. If aircraft meets ireeciny rain, then this means that the
superincumbent cloud layers nave positive teamaperature. Therefcre the

rapid climb can derive aircrart rrom dangerous zone.

9. If warm front is cnaracterazed by heavy precipitation in the
form of snow and powerful/taick vertical development of cloudiness
(to 6000-8000 m), icing in clouds cither is absent or, as a rule, it

has weak intensity.

10. If warm front 1s conaracterized by precipitation in the form
of weak snow or drizzles and its cloudiness d4oes not have
considerable vertical deveiopucat, then in clcuds is observed icing
of large intensity.‘ln this case frequently is formed transparent ice
of U~shaped form, which most sharply makes flight aircraft

quality/fineness ratios worse.

11. In cunulonimbus coiu-tront clouds icing can be very intense.
Is most intense icing in tne upper part of the cloudiress. Therefore

intersected front shcula ow eitaner higher than the clouds or, if this

[ PR IOR LI PRV AT AP L S Ceet
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is impossible, at the low altitudes; it is necessary to keep in mind

that the icing in these clouus can occur at very low temperatures of

surrounding air.

oy
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Page 81. r;
|

Chapter III. g
¥

PROTECTION OF AIRCRAFT AND HELICUPTER FROM ICING. ;

1. Safety methods from i1ciuy.

{ All existing safety usethous or aircraft (helicopters) and their

pover plants from icing can pe uivided into fcur groups:

| 1. Mechanical methcds.

2. Physicochemical ®etnous.

3. Thermal methods.

4, Combined methods.

The essence of the rirst group of methods consists in the

mechanical removal of the yenmeratrix of ice on the shielded aircraft
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components. One of such metuods was widely used during the years

1335-1950 for protection rrow tae 1cing of wing andi tail assenmbly,

but then it was gradually extrudedsexcluded mcre advarnced.

On some types of foreiyn aircraft this method is applied at :

presant.

Let us examine brietuiy tnes operating principles of the i

mechanical deicer indicdteu, depicted schematically on Fig. 3.1. On

the leading edge of wing (or taii assembly) are installed rubber

protectors, which with switchned ort deicer fit wing skin. Protectors b4

have the longitudinal cnampers/caweras whose guantity can be

different. The compressea dir initially enters the middle

chamber/camera of protector wanlca are bilcwn in and treaks ice formed

near leading edge. Then air 1s released from the middle {

chamber/camera and is supplieua 1ato lateral ones, which, being

inflated, break down ice in tne lateral secticns of nose/leading

edge. After this air it i1s released from lateral chambers/cameras,

and cycle is repeated. 1Inis alternating filling of the

chambers/cameras of protectors wita air leads to the breaking of ice

into pieces and dropping vy its air flow,

Por low-speed aircraft the de-icing system indicated upon its

timely inclusion provided satistactory protection in the majority of
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the conditions of icing wet in tiigyht. However, during the rapid
increase of ice (its especialiy sowe of forms) grotectors prcved to

be insufficiently effectave.

Page 84.

A fundamental shortcoming 10 tuis system is the disturbance/breakdown
of the lift-drag ratios <t wiug and tail assembly, called by a change
in the form of ¢he leadiny edje of an airfoil profile Jduring bulginy

of protectors. This shcrtcomiuy iiwits the use/application of deicers
in some flight conditions (ou taseuft, landing) and it makes from

virtually unsuitable fcr contemporary high-speed aircraft.

In spite of the ncted shortcouwings, to which should be added
another possibility of tne ligut damage of protectors, *his systen,
developed in 1930 by Amer.can researchers S. Geer and M. Scott, it
played in its time pcsitive role aud was the actually first de-icing
system which considerably idiscu safety and regqularity of IFR

flights.

The physicochamical wetunods ot deiciny are based on one of the
following principles: 1) tue decrease of the cohesive force of ice
with the surtace of aircrait, Z) uepression of the treezing point of

vwater. Essence and each ot tane Jroups of the physicochemical methods
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consists, thus, in the credatiun or the interlayer of certain

substance between ice anu tue suritace of aircraft shielded by part.

Great attention of the resedlchers in the initial period of the
development of anti-iciny weans attracted the idea of the creation of

this coating, which wouid possess zero cchesive force with ice.

The method of deicing inuicated is extremely tempting. Is
actual/real, creation on tne surtace of the aircraft of the durable
permanent or periodicaliy ireneweu coating, for which it would not be
required the supply of any enciygy and sources, which were being
located on aircraft, and walcu wouid provide protection from icing,
it would most rationally soive entire problem as a whole. However,
the numerous attempts, whican 40 not cease and up to now, to develop

such coatings were not Cruwhed oy SUCCeSS.
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Fig. 3.1, Diagram of the work or mechanical deicer.

Key: (1) . Deicer is switcaed oiLr. (2). Deicer is connected. Air
supply into middle chamcer/cauwerda. (3). Deicer is connected. Air

supply irto lateral chamters/camerds.

Page 85.

Was proposed the large numper oL covatings in the form of varnishes,

pastes or lubrications. lney aili are not yielding positive results.,

Some of the substances Leiny tuey are plottedsapplied to surface thay

substantially decreased tue counesive force of its with ice, hut this

[ g
lowtt it

ok o

b g
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lecrease was nevertheless 1asurricient for the dropping ot ice.j[t
vas assumed that effective wust prove to be the so-called
hydrophobes, i.e., the sunstaidces, possessing properties not to be
vet by water. As 1S kncwl, watel Jduring incidence/impinjement into
such substances decays to tae spherical drops which are rolled up
from the surface, coverea W#ita this Substance. Such hydrophobss, that
possess unvettability cr ditterLcat degree, are, for example,
paraffin, petroleum jeliy, wax, ylLease, seriessrow of silicones.
However, experiments showed toal tae hydrophokicity of substances
does not exert of the wanilcn declues effects on the process icing. Is
explained this by the fact that tne supercooled drops with the
impact/shock about the surrace or aircraf* freeze so rapidly that the
proparty ot unwettability, appaireiutly, dces nc* manage to be
revealed. On the basis oi tane mduc experimental works Soviet
researcher P. P. Kobeko [ 4] expressed affirmation, that the strength
of freezing water and othet liguids to rigid surfaces does not depend
on that, is wet surface by this iigyuid or not. In the opinion of P.
P. Kobekc, deicing via tue seaica ¢f the correspondinj varnish

coating is hopeless.

Nevertheless it shculd be woted that this categorical pcint of
view can be finally contirmea 1t aud only if will be completely

opened physics ot the mecanahism or the crystallization of the

supercoolel drops on the suittace ot the flying aircraft.
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To it is ice the buiit-up euge, which was being tormed 1in
flight, for exampla, on tue winy surface, operate the following
torces: tha force of air pressure, gravitational force, cohesive
force of ice with wing salu. [us satter plays the dominant role and
in its value consilerakbiy wxiceeus the others, This showed experiments
*he study of the protective coatinys about which it was mentioned
above. The cohesive force (aauesion) ot ice with the surtace of metal

is the result of the moiecuiar attiaction of these todies and theirv

]

gjanging (as a result of tae rvuygyuness of contact surface). This
cohesive force of ice cit Jditteiteut form with the vwing surface depends
on a number of factors. 1lts vaiue can r=2ach 10 kgf/cm? and mcre. In
connaction with the fact tnat aticuwpts to remove or into a sutficient
mecasure to decrease this counesive torce thus rar rot of yielding

positive results the researcheis turned to the secornd directicn irto

1]

the development of the physicocuemical methceds cf 1eicing of
aircraft, namely to the coatings, so0wering the freazing point ot

water.

The idea of creatiou on tue surface of the aircraft ot coatinyg
from the substance, readilly soluule in water and which forms the

nonfreezing solution/openiiuy dutiuy incidence/zimpingement to it tron

air of the supercooled urups ot water, was conceived evan in the
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beginning Thirties. As such sunstances can, for example, serve

calcium chloride, nitric acid sodium, sodium chloride, ethylene

glycol, etc.
Page 86.

Experiments showed that suca suwbstances, plotteds/applied (in mixture
with other connections) to the surzrace of aircraft, contribute to the
elimination on it of icing. The usually supercooled drops of water,
falling from the atmosrhere to tne surface, covered with this
substance, as a result ot the large crystallization rate manage to
freeze and to form the tiim ot ice. However, that part of ice, which
directly comes into contact with the surface of aircraft, begins to
be melted, the cohesiony/coupling ice is disrupted and ice crust
drops, without having achievea considerable thickness. Then process

is repeated.

Main disadvantage in this metanod, which restricted its practical
usesapplication, is the snort duration of the action of all
substances indicated, since tuey are removed together with the
stripped ice built-up edge, and also easily they wash off under the
action of rain. For eliminatiuyg tnhis shortcoming were developed the

deicers, which provided tne countinuous feed of substance (usually

liquid) to the shielded surtace., In their time received certain

o
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propagation the devicessejuipment, which made it possible to
continuously vwet the shielded surface by anti-icing liquid by its
liberation through porous skxin. At present on some aircraft is
applied for the same purpose porous metal. Wide acceptance received
the liquid deicers for jropeliers, used up to now on working

poston-engined aircraft.

The mechanism of the action oif the liquid substance,
continuously supplied toc the surtace shielded from icing, is somewhat
different from the mechanisam or tne applicaticn of solid or pastelike
anti-icing coating. If in the latter case occurs the periodic
formationseducation of ice crust, then its slight melting and
dropping, then the anti-icang liguid, which enters, for example, to
frontal glass of cockpit, a4t a sutticient rate of its supply, simply
washes off the settling supercooled drops, without giving to them to

be crystallized.

It should not be supposed that the anti~icing liquid effectively
selts forming ice. Laboratory tests showed that during insertion into
the vessel, filled with aicohol, the cube of ice, the time of its
complete melting is approximately 40 min [4). Hence follows and this
confirms practice that the lijuid de-icing systems are more effective
as the means, antiicing, out not as the means, which reamoves the

formed layer of ice. The lower treezing point of liquid and than more

T N L T A P A v 1 g e TV v
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i it is polar, the better tne¢ liguid it melts ice. Thus, anti-icing
liquid exerts on ice both cneaical and mechanical influence. To this
frequently is added thermal etfect, since the liquid entering

sometimes has positive temperature.
t

A fundamental shortcoming an all liquid de-icing systems is the

limitedness of their action on time. .
Page 87, ]

;1 The need for having on board dircraft a considerable reserve of

, liquid, and also a complexity of constructing/designing such systeas
i for large aircraft throttied/tapered region their uses/applications:
liquid deicing systems were utilized mainly feor the protection of
glasses of the flight deck aad propellers. The typical pattern of
this systeam, vwhich was veiug applied on piston-engined aircraft, it

is shown in Fiqc 3-2-_

Por a wing and a tail assembly liquid systems were applied

rarely. As an example it i1s possiole to give English aircraft Vickers
®yiking®, wvhose liquid de-iciug system vas established/installed on
ving and tail assembly. Accoruiany to the data of tests [34], carried

out into 1950, flov rate of anti-icing liguid, which was being

required for protection froama tne icing of the aircraft comsponents
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indicated, it did not exceed o 1l/h/m2., Supply to liquid to the
shielded surface was accoaplished/realized through special porous
coatings. This explains comparatavely low fluid flow rate (for
example, for glasses of aircratt Li-2 the flow rate of fluid
comprised in average/mean 8-1U l/n). Although the system was included
prior to the beginning ot iciny, it wcrked actually as an ice
remover, periodically allowiny/assuming ice formation of small
thickness and then dumping 1t. Upon the inclusion of system after the
entry into the zone of iciny, the time, necessary for the first
jettisoning of ice, it reacned tav significant magnitude: at
temperature of surrounding air ot -3°C for the removal of ice in

thickness ~6 mm, stabilizer formed on leading edge, were reguired

more than 10 min. at low temperature this time increased even more.
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Fig. 3.2. The typical pattern of tne liquid de-icing system of
propellers and glasses. 1 - stop cock, 2 - filter, 3 - puamp, 4 -
block for am anti-icing liquid, 5 - check valve, 6 - distributive

ring on propeller.

Page 88,

In spite of essential shortcomings in the liquid de-icing
systems, work on their improvement are continued also at present. It
vas in particular comaunicated {58 ) that as a result of an
improvement in the distrioution of liquid according to the shielded
surface, it was possible to considerably reduce its flow rate. The
English firm TKS continues investigyations and development of liquid

de-icing systems both for tne aircraft and for helicopters. Fig. 3.3

gives the overall diagram or tnae iiquid de-icing system of aircraft.
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System vorks as perioudic aeicer and is based on the decrease of
the cohesive force of ice witn the surface, mcistened by the ligquid,
vhich reduces the freezing point of water. With an increase in the
thickness of the forminy 1ce buiit-up edge the force of the effect on
it of air flov increases and, 1f to the internal surface of a layer
of ice through porous skin/sheataing continuously is fed/conducted
anti-icing liquid, then coames this moment, when aerodynamic forces
overcome the cohesive fcrce of ice and it is dumged. The cyclic
recurrence of the action or this deicer depends on a number of
factors: the speed of ice formation, temperature of surrounding air,
form of ice, speed of the aarcraft (main role play temperature and
icing intensity). Anti-iciny liguia is fed/conducted to the shielded
surface of wing or tail assemnly with the aid of special distributive
panels from porous metai. Are appiied twc versicns of the
construction/design of the nosesleading edge of deicer. In the first
version two longitudinal narrow panels are installed flush with

skin/sheathing on both sides froa leading edge.
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Pig. 3.3. Overall diagram or the liquid de-icing system of aircraft.
1 - tank with anti-icing ligquad, ¢ - pump, 3 - porous nose/leading

edge of deicer, 4 ~ filters, 5 - switch, 6 - regulator.

Page 89.

Liquid leaks through porous diaphragmas of panels and spreads over the
surface of nose/leading edye. A snortcoming in this version is the
fact that between panels on leadiny edge sometimes remains the ice
built-up edge which holds there sufficiently grolonged time. The

second version, in vhica entire nose/leading edge is made from porous

setal, is deprived of this shogtcoming; however, in this case appear
the difficulties of guaranteeiny the even distribution of liquid with
its required lov flowvw rate. For achievement this under porous

skin/sheathing is installed porous elastic material "Porvik", which

creates necessary hydraulic flow resistance of liquid and, thus,
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provides its uniform very ilow fiow rate through external porous

skin/sheathing.

FPig. 3.4, borrowed froa work [58]), schematically shows the
construction/design of the liyuid deicer, established/installed in

the wing leading edge.

As metal for distributive panels at first were applied porous

bronze "Porosint", and then porous stainless steel.

For anti-icing liquids is presented the series/row of the
requirements: liquid must have iow freezing point, a good miscibility
with wvater, ligquid must not be toxic, cause the corrosion of the
aircraft coaponents and damage of its paint and varnish coats. The
liquids, used for protection from the icing of wing and tail
asseably, are usually basad on ylycols. For example, the English
liquid R-328. Por protection froam the i1cing of glasses of cockpit

videst use received ethyl and isopropyl alcoholl.

FOOTNOTE !, Glycol liquids for tune protection of glasses cannot be

used, since they make visibility worse. ENDFOOTNOTE.
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1 Pig. 3.4. Construction/design or the liquid deicer of the wing 2
leading edge. §
{
Page 90. '

Are of interest some data according to the flow rates of the
anti-icing liquid R-328 for tae protection of wing on the following

aircraft types:

Vickers a "viking" - 50U ca3/min;!t

v
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FOOTNOTE !. The improved de-icing systeams, established/installed on
these aircraft, have consideranly smaller flow rate it is related to

page 90. ENDFOOTNOTE.

De Haviland "Dav" - 226 cm3/min;!

Avro wghackleton"™ - 354 ca3/min;

Scotch Aviation "Twin Pioneer" - 189 cm3/min.

On jet De Haviland - 125 tor protection from the icing of wing
and tail assembly is applied ligyuid de-icing system with the
average/mean fluid flow rate of altogether only of 1.6 1/m2 in hour.
As showed flight tests, system worxed effectively. The improvement of

liquid de-icing system makes 1t promising fcr some aircraft types.

Besides protection from the icing of the wing of tail asseably,
cockpit windows, propellers, were done the attempts to use liquid
de-icing system, also, tor engyines and their air intakes (in
particular for engines "part"). However, these systems did not win

acceptance.
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Considerable works ware carried out on the use/application of ;j
liquid de-icing systems on nelicopters. Such systems were, for ;2

example, they were estaclished/installed on the Soviet helicopters of

THIOW

Mi-1 and Mi~-4 for protection from the icing cf the Ltlades/vanes of !i

LY

the carrying and tail rotors. :

The third group of safety wetnods of aircraft from icing which
2 vill be in this chapter examined most in detail, is based on the use
4 of thermal energy, deveiopeu either by the engines of aircraft or

with special installaticns.

Besides the enumeratea turee wvasic groups, sometimes are applied &5

the coasbined methods of deicany. For example, the combination of

mechanical and physicocneaical methods.

2. General/common/total static uata along the de-icing systems of

aircraft.

Let us examine some yeneiral/common/total statistical data along
the de-icing systems of contempciary transport aircraft with gas

turbine (TRD and TVD) ana piston (PD) engines (table 6). i

¥
E . In table 6 is contained the information according to 48 aircraft i

types vhich are operated at preseat into the USSR, USA, England,
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France and Holland.

As can be seen troa tavle o for ving and tail asseably of
aircraft with GTD [{gas-turoine enyine] and PD in the overwhelming
majority of the cases (68 cases or 105)! is applied the air-heat

de-icing systen.

FOOTNOTE !. Numeral 105 encompasses the total number of the de-icing
systems (wing and tail asseamoly) of 48 aircraft types taking into

account the versions of systems. ENDFOOTNOTE.

Page 91,

The operating principle of systeaw is based on the use either cf hot
air, taken from the comjpressors of engines or the air, heated in heat
exchangers by the hot exhaust gases circulating in them. Preheating
air sometimes also is accomplisheds/realized with the aid of special

gasoline preheaters.

The protection of wingy and tail assembly from icing by
mechanical and physicochemical methods is applied in essence only on
aircraft with PD. For the protectaion of the tail assembly of aircratft

with GTD widely is applied thersoelectric de-icing system (11 cases),

vhereas for a wing it was useu aitogether only in two cases.

oo e
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Should be also noted thae fact that in spite of advantageous use
for the de-icing systems of aircraft with GTD of the hot air,
selected/taken from the compressors of engines, for turboprop
aircraft is frequently utilized tne heating by the air, heated by
waste heat (in heat exchangers), 4s, for examgle, on aircraft
"Yiscount®", "Britain", "Vauguard". The selection of this system of
heating is dictated, in essence by the impossibility of the selection
of the air required a quantity frow the compressor of turboprop
engine as a result of a considerasle reduction/descent in its power.
HAowever, for aircraft wita tne turbojet engines, which allow/assunme
the selection of a larger quantaty of air, the use/application of

heat exchangers it is not characteristic.

For protection from the icing of the tail assembly of aircraft
with PD just as for a wing, are applied mechanical (6 cases) and

physicochemical methods (5 cases).

For engines and their air iatakes 1n essence 1s applied the
air-heat system; in 4 cases is used the thermoelectric system of
cyclic action (for air irtakes) and only in one case of the

physicockemical action.

oy
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Por the protection of the screws/propellers and cooks from icing

are applied the electricali heatiuny (19 cases), and also

physicochemical safety methods (9 cases), moreover for some aircraft
with PD characteristicalliy generally the absence of de-icing systen
for the screws/propellers (ice trom them is removed by changing the

propeller pitch).

Most widely used sarety metnod of glasses of cabin/compartment
from icing is electrical heatiny (32 cases), are applied alsc
chewical method (8 cases) aud not—air heating. In two cases is noted
the use of de-icing systea 0of ylasses of the combined action;

fundamental air-heat and auxiiiary liquid.
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! Page 92.
% Table 6. The de-~icing systeas,
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Key: (1). De-icing system. (<). Aircratt type. (3). Engine. (4).
Gross weight kg. (5). winj. (o). tail assembly. (7). engines and air
intakes. (8). screws/prupeilers and cooks. (9). glasses of
cabin/compartment. (10). Air-ucat with use of hot air from

compressors of engines. (11). iucrwoelectric of cyclic action. (12).

Electrothermal. (13). wita screws/ ropellers. (14). Thermoelectric of

cyclic action. (15). Ali-ueat - ali intakes and blades VNA. The
edges/fins of crankcase are waluwed by hot oil. (16). Thermoelectric
of cyclic action. (17). Air-neat oi air intakes and blades VNA. The
edges/fins of engine are warmed oy hot oil. (18). Air-heat from
exchangers. (19). Exhaust systew or engines is warmed by warm air.
(20) . Air-heat with usesapplication of heat exchangers. (21).
Gasoline heaters of air-heat witn use/application. (22). Carburetor
is warmed by warm air from uunaer nood space. (23). Carburetor is
warmed by warm air. (24). Soeing. (25). Pratt-Whitney. (26).
Thermoelectric (glass NESA). (27). Douglas. (28). Conway. (29).
Thermoelectric (NES«). Protecticn trom rairn - with the aid of air
jets from the system of condatiouing. (30). Air-heat. (31). Convair
"Skylark" 600 (or "Golden arrow"). (32). General Electric. (33).
Thermoelectric of firm scourach. (34). Air-heat with use of air from
compressors of engines. (45). Lockheed "Super Super Constellation®,

(36). Douglas "Cargyomaster". (37). Turbo-Wasp. (38). Air-heat of

cyclic action with use ct not dailL trom compressors of engines. (39).

R/ erarawy
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Nechanical action - pneumatic protectors. (40). Lockheed "Electra" 88
or 188). (41). Allison., (4<4). 4 version - thermoelectric; II version
- air-heat with air bleed irom enyines, (43). Lockheed C130A or 130B.
(44), Douglas "super"™. (43). Mechanical action - protectors of firnm
Goodrich., {46). Liquid (carvuretor). (47). Liquid. (48). Fundamental
- air-heat (from cabin neatiny system) and auxiliary - liquid. (49).
Martin. (50). Mercury. (51). air-peat with use/application of heat
exchangers or use of waste neat (to 1 m2 it is fed/conducted by 4000
kcal/h). (52). Air-heat witu use/application of gasoline heaters.
(53). Fairchild C-82 "Packet". (54). Double-Wasp., (55). Lockheed
"Constellation". (56). wrignt cycione 749C, 18-13 1 or Pratt-Whitney
"Double~Wasp". (57). Pratt-dhitney "Double-Wasp". (58). I version -
ligquid; II version - thermoslectric. (59). Pratt-Whitney "Wasp
Major". (60). Boeing 3717 "Stratocruiser". {(61). De Havilland "Comet".
(62). Avon. (63). England. (b4). vVickers. (65). Rolls Royce "Conway".
(66). Electrothermal (glass consists of: external annealed glass,
gold film, thick layer from poiyvinyl butyral and fundamental power
glass. (67). Do Havilland DN 121 *lrident", (68). Rolls Royce "Spey".
(69). Air-heat with use cf hot air from compressors of engines.
System is designed for the evaporation of moisture under conditions
of icing to the temperature of surrounding air of eaqual minus 40°C,
{(70). Air-heat with use ci not air from compressors of engines.

System works automatically anu it can be included during taxiing and

takeoff., (71). Vickers #“viscouat®™. (72). Dart. (73). Thermoelectric

- e
PP LI s e
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of cyclic action (coatiny “sSpraymate" of firam NEPIR). (74). i

t
Thermoelectric of cyclic action (system of firs Dunlop) - air \
intakes. (75). Bristol - ®graitaian" series 310. (76). Proteus. (77).
Thermoelectric of cyclic dactioa - air intakes. (78) . Vickers r

*Vanguard®. (79). Rolls hoyce oL “uysteries". (90). Air-heat with
usesapplication of heat exchanyers, placed in engine nacelles. (81). {
Thermoelectric of cyclic action (system of firm Dunlop) - air intakes
and air-heat with use of notv air trom compressors of engines - input
devices of engines. (82). Thermoelectric of cyclic action. (83). I
version thermoelectric (ylass NEsA or triplex with gold film); II
version - liquid. (84) . Armstronyg wentworth AW 650 "Argossy". (85).

Rolls Royce "Dart". (86). Taneraoeisctric of cyclic action (system of E

%

o evactbda

firm Dunlop). (87). Britain. (vY8). I version - mechanical of firm

PR

Goodrich; II version - air ctherwal. (89). I version - ligquid; II

version ~ air-heat. (90). 3cottisn Aviation *Twin Pionear®". (91). F

Olivis-Leonides. (92). I version - liquid (TKS); II version -

mechanical action. (93). cgxnaust system of 2ngines is warmed by hot

— -

oil. (94). Liquid (TKS). (95). e davilland "pav", (96). De Havilland
"Gipsy Queen" 71 3 PVD "Gipsy dajor". (97). Avra "York". (98). Rolls

Royce "Merlin". (99). VicKkers VC.1 "Viking". (100). Bristol

b "Hercules™. (101). Handley Pagye "Marathon", (102). De Havilland
"Gipsy Queen®. (103) . Carouretor is warmed by hot oil. (104).

Air-heat and liquid. (105). Haudlaey Page *"Hermes". (106). Bristol

“Hercules". (107). Airspeed "Amoassador", (108). Bristol "centaur".

N . "mr“ﬁ"’Mh g PRI, G g AN
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(109) . Air-heat with usesapplication of heaters. (110). I version -
thermoelectric; II versaicn - iiguid. (111), Caravelle. (112). Rolls
E ‘ Royce Avon-522. (113). Frrance. (114). Langedoc. (115). Gnome-Rhone.

(116) . Breguet. (117). Junkers or Humes., (118). I version -

SO K e
SRS T

] mechanical action - systea klever - Colomb; II version - Air-heat

vith usesapplication of gasoiine neaters. (119). Fokker F~27
“Priendship”. (120). Roiis Royce "part*, (121). Holland. (122). I

version - air-heat using waste heat; Il version - mechanical action -

AT T TRTE L

oy

protectors of firm Goodrich.
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Page 104,

The given statisticai data shovw that widest acceptance received
the air-heat de-icing system. The thermoelectric system occupies tths

place following it and rinds ever increasing use.

The de-icing systeams ot mecaanical and physicochemical action

barely are applied on contemporary aircraft with gas turbine engines.

3. Initial data for the aesiyn oif de-icing systems the design

conditions of icing.

The general requircment foir thne deicing equipment of the
aircraft, intended for the trausportation of the passengers and
permitted to IFR flights, can ove rormulated as follows: aircraft mus*
be designed so also its de-iciuy system must ke such that under any
conditions of icing wouid be provided flight safety. This means that
the fundamental flight characteristics, stability and aircraft

handling, operation of its power piant and operation of the mcst

important instruments must not seriously deteriorate, as were not

T e T
- NIRRT ..

g e T T
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e o

heavy the conditions of icange sut this does not m=2an that it is not

ATt e R
bt

alloved/assumed any ice accumulaticn on aircraft components. This v

requirement would be too neavy ror a designer and is virtually

unnecessary.

ey pr——

On contemporary aircrait irow icing they must be shielded:

- the leading edges or wany aand tail assembly;

- parts of the engane,

~ ——— - g e TR

ice tormation on which can cause damag-

or upset the operation ¢t eangdiue (plade of intake ccmfressor stator,

strut, fairings, etc.):

TR 2tV M

- the nose/leading edge of vane air intake of engine and all

parts arrangeds/located in air iuntvaxke channel, which can undergo th~

Ty

icing;

ot

- cockpit windows ot tae pilivts;

CraE=e,

- air-pressure heads;

~ all surfaces and parts, ice accra2tion for which and its

subsequent jettisoning can causa the damage of engine and aircrait
controls;




’
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|
| | | )
' - the propellers ot dircratt with the turboprop and piston {4
E engines; |{
‘ - drainage branch connections and air intakes for the blcwout of g
< - . !
di ffarent instruments and agyyregates/units. v
, i
- the antennas whose icing makes the work worse of radio i

4 aquipment.
i f
Page 105. :
i
3 All de-icing systems accoraing to the principle of their actiorn i

can be divided into twc groups: tac systems, antiicing (i.e. not
allovwing ice formations), and systems, vwhich rewmove icing (i.e.

dumping a periodically fcruwiny layer of ice).

S OETA G MEAT BN i, - SR

It is obvious that tne tirst yroup deserves in the principle of

preference, however, the wdarniuy systems of icing always cannot be

used for reasons of structural/design, energy or economic character.
On the other hand,, as thas will pe¢ shown belcw, the systems of the

t

I elimination of icing duriny tne correct selection of their parameters

are very effective and economical. As an example of such systems can

IR TR —y
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serve applied earlier and oriefly uescribed above, mechanical

de-icing system with inilataocle protectors.

For protection froam tune aircraft icing and its separate rparts
the type of antiicing system wmust be selected always
concretely/specificallysactuaily, taking into account design features
and possible effect of i1cing on aiicraft perfcrmance and on the
operation of its power plant. dowever, for example, for the
protection of the cockpit windows of the pilots and pitot-static
tubes must be used only tae warning systems of icing. For a wing and
a tail assembly usually arc utiliized the de-icing systems both the
first and second group. For euyines, as a rule, are applied the
warning systems of iciny with exception of thcse cases when i* is
possible to confidently experimentally demonstrate that ice fecrmaticn
of small sizes/dimensicns on the parts of the engine and then

jettisoning ice, do not exert 1iiL effect.

But independent of the operdataing principle of system, it must
satisfy fundamental requiremsent inuicat=2d above of the guarantee of

safety of flights.,

What specific conditions or icing must be placed as the basis of

the lesign of the de-icingy system cf contemporary passenger aircraft?
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This guestion duriny iony tiuwe was debatable [39], [29], (351,
etc. - until are accumulidteu sutricient statistical evidence on th-
vater content of the supercooled ciouds, according to the

sizes/dimensions of cloua drops, according to the -emperature of

surrounding air with icany, on tne horizontal and vertical extent of

the zones of icing. All tuese aata were briefly examined in the
preceding/previous chapter. At present in the majority of the
countries with the develcpeu uctwork/grid of lines and the aircratt
industry officially estatilsheusiustalled the design conditions of

the icing which differ jittie irom each cther.

Page 106.

These design conditicnes in proportion to the stcrage of new data
about aircraft icing in uitierent yeographic areas are periodically

more precisely formulatea.

Let us return to Fige <.<, wnich establishes the
connection/comnaunication of two most important parameters - wat:r

content of clouds and temperature of surrounding air.

From the examples gyiven awova it is evident that the icing can

reach exceptional force., Fui exaaple, in the case with aircraft

"VYanguard™ water content several times exceeded those values which

g e < w

—
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vere given on the graph Fiy. 4.4« it is possitle that in nature can
be encountered the more severe conuitions, However, this icing is
extremely rarely. To desigyu de-i1ciug system fcr such conditions
obviously at present is not ratioual. Therefore the selectior of
design conditions must pe produced on the base of the probability of
rendezvous by the aircrafct of tne dangerous zcnes of icing [18]. It
is possible to consider taat 1atc Y90/0 of cases of icing at
appropriate temperature of surrounuing air the de-icing systam must
reliably protect the prctsecied jarts of ice fcrmaticn (or
periodically remove it). Ln oue peicentage cf the cases can k=
alloved ice formation, btut this must not lead to any dangerous
consequences for that time 1nterLval, during which are possible the
such severe conditions ot icinygy - to aircraft must be provided the

possibility to leave the ddanjerous zone.

Thus, as design conditions saould be accepted 990/0 guarntile
(see Fig. 2.2), which fcr eacn temperature of air shows that in 99o/c
of cases the observed vaiues oOr water content were less than this

value, corresponding tc curve.

The conditions of the 1cing wanich can be accepted for

calculations, are given in taoie 7.

e v

o =



-~

poc = 79116206 PAGL 32‘/

'Thble 7. The design condations oL icing,

Feswneparypa @ . ) . (4) py
HAPY A MO u(‘ ) Bonoc, ( Pei?::i 1':" “'\)‘ Mg toll HECOT
HO LTV N FIRTA , ¢ n ’ (3 ‘ A

W . ! - X
n no ) 200 9000 ot
! - 1o e X SO0 9000 : i

20 o 5 S0 9000 )

- W 03 X SO0 9000 '

Key: (1). Temperature ot surrounding air. (2). Water content. (3).

Mean radius of drops. (4). Altitude range.

Page 107.

During the design of de-iCliuy System must be acceptad tha %n

! cornditiors on the water conteuts, indicated in Fable 7, at )
’ appropriate temperature or surrcounding air in the range of r
heights/altitudes to 90UU w wita au averaqgesmean (arithmetical) '

radius of dArcps B pe It snould 0w noted that the statistical da*a co

water content of clouds, jiveu 1a Fig. 2.1 and 2.2, eucoapass

3
e

altitude range to 5500 a. iHowever, the separate measurements ctf watsr

content, and also the issgdiatc ueterminaticn ot icing intensity,

—

accomplishad at hijgn altituues, suowed that the findirys on wa+t-r
content must bhe common dppioximately to £00C-90C0 m, Taking Into d

accourt the maximum horizouatdai ahu vertical extent of zones with th .

values of water content iudicateud, 1%t 1is possible with the speci*tic '
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reserve to consider that ror a contemporary aircraft th=2 continuous
stay of it under such conditions will not exceed 1% min (this Jdo=es

not indicate, of course, that tue auration of less heavy icing cannot

be greater),

For a comparison let us give the English design conditicns of i 4
icing (Fable 8 I57)). As we see, tuey are close to the conditiouns,
given in table 7. However, duration of icing accepted during *k-e
tests of aircraft under tnese conditions, comprising 30 min, ars

excessively large for areas ot the Soviet Unicn. ‘

For the calculation 01 de~iCing systers, and alsc for the

evaluation of the danger or tne fiights of aircraft unasr the

——

.' conditions of icing accejteu the time factor plays considerakblc rols,

For example, for thermai de-iciny systems serious problem is ths

A e ey

onset of so-called "barrier"™ ice, which is formed beyond the lini:zs
! of the warmed zonz of tne leaulny edge of wing (or tail assembly) as 3
a result of the runoff ot tune settiing mcisture back/ago along 13
airfoil chord. The thickness ot tuis "barrier" ice directly depeunds |
on the time of the determination or aircraft under conditions cf

icing.

The recommended desiju couditions of icing ar2 sufficiently

i rigid both for the systems ot those antiicing and for tha systeas cf
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'
those resoving icing. However, as this follows from the given graph

of the quantiles of the water content (see Fige 2.2) and as this '
showed the practice of tligyats, weie possible the more severe 'g;;
‘ conditiors of icing. z
%

i

'
|

‘ 3
i
l“::

}
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’T;ble 8. English design conaitions of the icing of aircrart.

‘l Cpeanuil 3dpdex-
Boanoc THBHBIt HaMeTD lua[\mwu Bhitu

(h Teuneparypa

———
it 547 e,

HAPYXKHOFO f
BO31YyXa 1 23 ~ Kanem,
S b |
4 0 | 0.8 ! 2 F gm0 ston 3
!
L -0 . . 05 : 20 Y - Guli i
~2. ] 03 ! 20 C 900 9000 ,
-0 % T o2 ! 2 L 00--0000

Key: (1). Temperature of suisounding air. (2). Watar content. (3). i

Mear 2ffective diameter cr uIcCps. (U). Altitude range.

Page 108,

3 - e'

Based on this, for jpowel pirdats and some instruments (ccnrscs =)

4 with air-pressure head) wust oe provided their werx under mor: ~ovore

‘ conditions. In Fig. 2.2 iimitinyg aotted curve demonstrates sucl | ]
conditiorns. However, it 1s uecessary to consider that this curve i:

1 ] extrapolated, it is relateu to tue specific geographical areas ans i-

 ]7 must be more preciszly rcrmulaied subsequently in oroportion *o *h:

storage of experimental auta. Ine cxtent of sections with the water

content, which corresponds to tanis curve, apparently will not <xcCe-i

5-10 km, i.e., the centindous astesmination of contemporary aivcrart '

under these conditions wili bpe appioximately 1-2 min. English design

conditiors for powsr plants leu tu-r;ble 9, heavier, which refl=acte,

apparently, th2 special features/peculiarities cf flight above the ﬁ
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Atlantic areas [59].

In the examination or tnis tauvle it is necessary to keep in miri [
that at heights/altitudes iess tanan 3000 m, the de-iciny system of
power plants is designeu ia accuruance Wwith conditions table 8. Thr P

extent of the zones of i1ciny is established/installed following: acx

S,

heights/altitudes to 90U0 w oL cundition table 9 they operate in +he
sections with a length cf 4.u k@ (3 miles) with the breaks betwaen
them also on 4.8 km, mcreover auiing these breaks operate conditiors

on table 8, At heights/altitudes rrom 9000 to 12200 m of conditiorn

- w—

i et 2 S o i)

table 9 they operate inr the sections with a length of 4.8
intermittent km between tnew on 3¢ km (20 miles), moreover duriny

these breaks the conditions ot icing are absent.

The given official knjlisa design conditions of icing both for
the aircraft as a whole (see Iavie 8)and for its power plants (se= 4

Table 9) they were developed as a Lesult of generalizingy the 13

.

statistical data, assemclea during long time in different

geographical areas. These conditions were affirm=d in 1956 by Frnglich

registration control fcr juesticas of aviation.

TN e AR A
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) Rable 9. English design conuitions of icing for the power plants of i'd
aircrart,
Levuepartypa @ | Cpeanuit spdex- (<) i)
HAPYARHOLO ) Be LHOCTL THRHNH _'umucrp HAMd30H Buivui i
BOIIVXQ 0 2 s (8) raueas ") :
[ . MK . A
" ) . [ E {‘»
0 25 . 20 L 3000--6 0o C
10 2.2 : 20 3000—8 400 !
—20 L7 : 20 ; 15009000 . '
30 1,0 : 20 ! 4500-—10 700 ;3
—40 0.2 | 20 ' 1500—12 200 .
3
,, i
Key: (1). Temperature c¢f outside aar. (2). Water content. (3). %=2an i
effective diameter of drops. (4). altitude range.
{
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It should be noted that the commoa tendency in the development of th«

design conditions of icing consists in the gradual "weiyht increass"

of conditions, in particular in decrease in the lower limit cf

temperature of surroundingy air. At present in the majority of thsz

—

courtries de-icing systems are designed for the very low temperature

of surrounding air from -3U° to -4U°C (comparatively recently this
numeral composed in all caly -2u°C). Th2 American calculated

conditions of icing are ciuse to English ones.

During the years 1$50-1958 kLugylish weather service carried out
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special investigations in tane tropical areas cf Africa and Atlantic
[25), [48]. As a result of taese 1uvestigations was proposed th=

common takle of the conuaiticns ot icing, which encompasses altitui-s
range to 18 km and is conuectea thne liquid-water content both in th=

liquid state and in the forw or crystals t.

FOOTNOTE !'. As wire/conuauctotr tur pursuance of res=2arch served the
failures of engines on aircrart "sritain" with icing in ice clouds.

ENDFOOTNOTE.,

These conditions, given in Waoie 10, were discussed on one of <*he
international conferences on thue problem of icing; however, they were
not iccepted as official desiyu coanditions. It is obvious that *ho
desijyn of de-icing systems accoraing to these conditions at this
technological level they ale i1rzational task. In the examination of
the extent of the zones or 1ciny lu-Table 10, and also 9, one should
consider that the gradation or zones accepted, apparantly, is to a
certain extent conditicnai and canuot be ackncwledged sctrict.

Essential shortcoming Fabie U 13 also the fact that in it it is not

divided "drop" and "crystal" watei content.

e —

TR
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.fahle 10. General conditions of drop and crystal icing.

I::;;&‘.L{.ga ’ Anamason O6wee conefma-‘ [Ipotakeunocr, s
'\ BHCOT HHE BOAM ¥ obaeleHenns
so3aya (l) @ e bopor L) <
t SR,
0—20 ; 3000—9 000 8,0 ; 0,8
0--20 Y 30009000 50 1.8
0—20 L 30009000 | nr %0
(5) 0—22 | 3000—9 000 1,0 (7(1)10(: 160
i T —20 Joy—10 ;. 450012200 50 ' 18
m —20 10440 4500—12200 ! 2,0 ! 16
Or —20 a0 —40 4Ho—12200 1,0 I @ ()
Or —20 go —40 | 450012 200 .5 | Goace 60
~y 01 —10 10 —60 ' 6000—13 700 2,0 ' 48
O - 10 4 8¢ 6000--13700 1.0 i %
Ot —4020 —60 | 600013700 025 Gsoace 1w
Or —o0 10 —80 '  9000—18 200 1,0 ; 18
Ot —60 10 —80 | 9000—18 200 05 ,’ 16
Ot --60 xo —80 ‘ 9000—18 200 ’ 0,1 | Goaee 160

Key: (1). Temperature ot surrouadiang air. (2). Altitude range. (3).

General/common/total ligyuid-water content 2,

FOOTNOTE 2, In the general/commcn/total ligquid-watar content entars

the water in the form ct drops ana crystals, but not in th2 tcrm of

vapor. ENDFOOTNOTE,

{8) . Extent of zones of i1cingy. (2). From. (6). to. (7). 1t is mcr-~.

Page 110.

4, Determining the dimeusions of the surfacz of aircraf* shielded

from icing,.

NS, SO

T

e LA e hnt . _h o A on
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The correct selection ot superficial dimensions, protected from
icing, has for a designsi ulya value even at the early stage of
design, since this is ccnunectea with the solution of a whole serics
of fundamental questions ot structurals/design, enerdgy and strength

character for entire aircrdatt as a whole,

Protection from the 1ciny or wing (or tail assembly) must bs
provided on entire its spreaa/scope. As far as sizes/dimensions are
concerned of the shielded 2one alony airfoil chord, then they are
connected with the type cr tne de-icing systerm used. If is applie?
thermal anti-icing system, tuen tane protection can be carried out bty
three methods: by avapciatiny tue cntire settling water during
continuous intense heatiny, oy maintaining water in the liquid state
on an entire surface, whicn undergyoes wetting, and by removing ice
during periodic heating. Ia d4ll three cases the area of surface
(along airfoil chord) reyuirea roi heating will be different;
however, the minimal sizes ot tn.s surface must be logically limi+-i
by the zcne of the captuis/grip oi the superccoled drops both for =<hs
systems, preventing icing, and for the systems of its p=riodic

elimination.

The definition of the zone of capture/grip is produced by the

-~
P PRSI Burta-x...
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o
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method of solution of the egyuatioans of motion of drops, whick was 3

G cade L

briefly examined in chajter I. Atter turning anew to Fig. 1.12, in
which is given the overail aepchucuce of the relative zone of
capture/grip (s/b) from parawmeteis P and Re, for a symmetrical

Zhukovskiy profile, let us derine now affect the size of zone

,.«_,...4.4,
- - -

diffarent factors (choru ileugth or profile/airfocil, speed ané flijgnat

altitude, angla of attack, sizesuiumension of drcps).

Fig. 3.5 gives the gyrapn, wunich characterizes the effect of th=

sizes/dimension of drops oa tae zone of capture/grip. As one would

= oy - e =

e

expect, this effect is very consiucrable: with an increase in the

radius of drops from 10 to 30 u tne relative zcne of capture/grip o=z £3

lower surface grows/rises alwmost triply.

During the calculation oL tne zones of capture/grip was accepte?

14
x
I

an average/mean effective radius or drops equal to 15 u (see Chapt:r
I)« It should be noted that 1n tne overwhelming majority of the cases
(approximately into 900/c) waith icing are enccuntered the drops in

radius less than 15 p; however, de-icing systems must bz designel fo1

the wvorst conditions 1.

FOOTNOTE t, The averages/mean eifective radius, equal to 15 4,

corresponds arithmetic mean raaius of 8 p. During calculaticns of the

integral coefficients crf settilngy tor determining the intensity of
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'3

‘ icing it is necessary tc accept r=3 py, which is reflected under the {?

design conditions of icingy. ENDFUULINOTE.

‘ Por the most frequentiy met size/dimension of drops (r=5-7 ) y

t | in

: the zone of capture/grip composes altogether cnly 2-3o0/0 of airfoil g

.

chord (at flight speed oUU xm/a ana chord length 4 m)., ]

3 w

! ]

P Page 111, -

H

f 1

| The dependence of the: reiative zone of capture/grip on flight L
= speed is given in Fig. J3.b. Witn db increase in the speed to 200 from

r 600 km/h value s/b varies from ~u.o8 to 0.06. f

Flight altitude, as tunis 1ollows frem Fige 3.7 in the range
. 3
1000-5000 m it affects the reiative zone of captureygrip to small f

degree. Change in altitude to 80UU-10000 m leads to a more

considerable increase in ratio s/D.

Pig. 3.8 gives a change 1n tne relative zone of capture/grip

WA A

with an increase in the angyie or attack. With an increase in the

angle of attack from 0 tc 4° zone of settling on uprper surface is !

decreased, and on lower it i1ncisases approximately doubly.

‘j The dependence of tne relatave zone of capturey/grip on the clord




,
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length of profilesairfoil 15 ygiven in Fig. 3.9, whare for comgparison
is placed curve for the ba2nt Znuaovskiy profile (at angle after all,
equal to zero). As can Le seeu ticw graph, both curves are
arranged/located almost ejuidistantly. The relative zone of
capture/grip is decreaseu snarply with an increase in the chcrd
length from 1 to 3 m. Hcwever, during further "elongation" of

profile/airfoil ratio s/b cnangyes insignificantly.

The given graphs show tnat to the zone of capture/grip most

considerably affect the sice/dimension of drops and angle of attack.

Por the evaluation ci the ertect of the form of profilesairfoil
(its curvature, thickness ratio, location of maximum thickness) let
us examine the additionally yiven along cther profiles/airfoils. Fij.
.10 gives comparison fcr two symmetrical profiles/airfoils with
identical thickness ratio (150/0), but with differsnt values 7. for

(V=600
one and the same conditiocns ka/h, H=5000 m, r©=1S uy, a=49),

TR
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| anp— oo 9 .
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] a10 a=2° d=sul 1
aa’# ' L T 9
! a0 . 4
i oo 000 F— E
002 L :
‘ ; 002kl it i ) ‘
11 L iy 200 3 400 Ve
R R R T D) ® ” el k. 9. 3. (L . .
f Pig. 3.5. Dependence of the relative zone of the capture/grip of Eg
drops s/b on a radius ci diops [ tor lower surface of 150/0 cf " 1
IR
symmetrical Zhukovskiy prorile. E
! t
? Key: (1) . km/he (2)e pe i1
18
»
*
Fig. 3.6. Dependence of reiative zone of capturesgrip of drops s/L on ‘

flight speed V. for lower surtace of 150/0 of symmetrical Zhukovskiy F
profile. i

KeY: (1). He (2). kl/h.

Page 112,

Profile/airfoil NACA 65,-0.15 (T.=40%) has the large relative zon= ct
+ capture/grip, than zZhukcvskiy profile (F.=25%) over lower surface.

With an increase in the chord length this Aifference is decreased.
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Fig. 3.11 gives data tor tae iover surface of four

profiles/airfoils: r’
symmetrical Zhukovskiy profile (¢=15%, F.=25%);
the symmetrical prcriic/aiitoil NACA 65:—-0.15 (f=15%. ¥.=40%): 4

curved profile NACA - 23015 (¢=15%, ¥.=30%):

curved profile NACA 65, =212 (F=12%, F.=10%).

As is evident, the rciative sone of capture/grip depends
substantially on the fcrm of picriie/airfoil; hcwever, at the chori

length of more than 3 m 1n ali cases does nct exceed 10o0/0.

Graphs in Pige. 3.1, 3.11 ana 3.12 allcw fcr profiles/airfoils,

close in form, to define the zoue of the capture/grip of drops wi=l

precision/accuracy sufficient for practice depending on the chori
length and flight speed. Tne detianition of the zcne of capturg/qriv
for the bodies, which essentiaily uiffer in form, must be produc=d by

solving the differential eguaticas of moticn c¢f drops or with

experipertal methods.
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The calculation of tae zoue oL capture/jyrip can be pezfcin

accenting height/altituue coustant (H=5000 m) for th2 valu~s -

and angle of attack, thdt eNCouwpdso the climb regimes, level

and reduction/d3scent. il tuls cdase one should coensilder that !o:

contemporary nissenger ailiciart tae calculated cas2 a1 rroeju-.
the condi+ions of descent aud i1awulny approach when icing cal
prolonged {(its cannot Leé avoiuea 1n practice), and enqgines Wdore
light rating, which makes tne operation worse of tane de-lcirny

vhich uses air frcm ccmjpLessuise.

.

N
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Pig. 3.7. Dependence of tae (wiative zone of the captur-/jri: -:

Arops s/t on tlight al*itule o iw. !1rower surtace ct 1507/~ »f

symmet1ical ZalKOV5KLly (Lluiadze
Rey: (1) e pe () e «M/he (3}« wvwsi SQTtacse,

Fij. 3.3. Devsni-ncs ot {cistive oule 0° Capture/74o1p of aro; =

angle of a*tack a fo1 Yoo/e Vi sywawe*Tical Zhukeovskiy nroligce.

- Leyi (Vo ka/be {2)e pe 8. woudce surfacz. (4),., oper sirtace,
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Pig. 3.9. Dependence of relative zone of capturesqgrip of drogrs </ o i
v . . 4 s
airfoil chord b for 150/c symmetiscal and bent Zhukcvskiy profile..
Key: (1)« km/he (2)e He (3)s culveu profileszairfoil (upver surric-}. Z
' |, ‘.
' (4) « Symmetrical profile/dililoli. ;
b
\ Fig. 3.10, Dependence or Lelative zone of capture/jrip of drcrs o/,
|
X on airfoil chord b for sywwerricas Zhukovskiy profiles and NACK
R
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Key: (V). &m/he (2). pe (3). symactric. (4). symmetrical Zhukcvsway ’
L]
profile. (5). Lower surtace. (o). upper surface.
k
! ¥
] h
2 :




DOC = 79116206 Fave Saf/

Tr= i, 04" (yl i 3 [ITT
_4#-5000u v = J00nsprc NACASS,- 015

Hmumnan ncz'p,mocm) ; re1Sin, ans®
T ] J H=5000m ,
L 1l : 1 Voo =800 xv}i014 B

nacass,ors L] =~ Voo=300 smjuget——- 1

,/ [cuumwvm r | + | T ‘r‘**‘ ;f,{

- ! g

s _.I

7o), - **—“r
s ‘b cum«emﬂu [ r

wmd ripo@une X ~J:*J AN ;71 @I

20 "r” A’i "5‘% - : ;ﬁ,&m’;ﬁm

N C. ! - -

(necuuf}mifw L‘—*—r - oy 4l L—r R
Xc=40%)

ey

Pig. 3.11. Dependence cCi Leiative cone of capture/jrip ot drc:..

on airfoil chord of Zhukcvskiy, dach 65,-015, NACA-23015

65,-212.

Key: (1) . km/hs lower surfaC2. {e¢). symmetrical. (3). syametric

Zhukovskiy profile. (4). unsywmetric. (5). unsymretric.

Fig. 3.12. Depondence of reisative cone of captureyyrip of ivora

on chord length of profiissairroir (b) fer different flight

Key: (V. ue (2)e kmshe (3) ¢ wowsi surface. (4). Uppsr surfac-.

Page 114,

Let us &xamin=2 the expcrfliicutal data on the zoras

ar.l a’

N
L

C[» LT e
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accumulation, obtained duriayg test flights under conditions of
natural icing. These data yive tae possibility to chack the
precision/accuracy of taeoretical calculaticns and are of interest
also because 1s considered the eftsct of the spread of Irops, whLich
occurs urdear some conditions daaa wnich is nct taken into atterst:-orn
during calculations of the trajecteries cf drcps. Table 11 givez -i-
results cf zone measurements vl tne deposit of ice over the upp-:r
surface of wing and staciiizer cf the aircraft of 1l1-14, Il-1%,
Tu-104, Tu-114 (as we Sex tne sile/dimensicn c¢f the cord of

profilesairfoil it changed witanlr iarge limits). ‘

Measurements were conuudctsd ik level flight or reductiorn/as=o o

at speeds 280-450 km/h and at tae ueightsszaltitudes less tran 97000 o, ’

The data table 11 shuw that aimost in Y4c/0 of cas=s the
distribution of ice did not exceeu 5.50/c¢ of airfeil chord. In So/
of cases it composed 5.5-v.30/0 o1 chord and cnly in all ii twn cas -
from 140 (which composes 1.430/0) was observed ice accuuunlaticr in

the s2ction 8-100/0 airifcili cucrd.

Thus, experimental ddta, in splte of their limitedness, |

satisfactorily they are ccuveigjeu with theoretical cnes. (
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Fig. 3.13. Change in the local coetficient of settling in th-

duct/contour of curved protile NACA 65;=212. (i —4mw 6475 u. 1 =
H=3000-6C00 m, V. s km/bh, “p.0 » u (modesconditions of
reduction/descent); 2 - H=900U m, '< “» km/h “ww=i5 y (cruise).

Key: (1). Lower surface. (£). uUpgper surface. ‘

! Fig. 3.174. Dependence o1 avat-trausfer coefficient at critical voirn:

of wing cf aircraft of iu-1uU4 on fiight altituds.

Key: (1)« cal/cm2es°C., (&) Ku/he

Page 115. F

The waximum propadation 9i 1Ce over the upper wing surface a

B e adl b e
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taking into account the spredainy cof drops, recordsd on thz aircra‘-+
of I1-18, did not exceed 100/0 ot airfoil checrd (~400 muw). I+ shoul!
be noted that in“Table 11 are conuected only those cases when
measurements w2are conductesd witn tne aid of special attachmerts. Ti -
large nurber of observations, wmaue by the author incidentally whils
conducting of +the varicus xinds or experimental and research flijh+s,
also shows that the zore oL ice accumulation, as a rule, does rnoz

exceed S—6iﬁhords.

In one case (on the aircratt of An-24) was observed ic=
formation in the very laije zone or the lower surface of wing (*o
25-300/0 of chord). This case was clearly ccnnected with the
spreading of the water caugat iato wing. Ice formation with the luroy.
width of +he capture/grij or wiuy chord usually cccurs at higkh

temperatures of surrounding ai.r wnen de-icing system comparativ=aly

easily manages the protection.

After feeding/ccenducting sums it 1s possible to draw the
conclusion that the miniwmum value of heating suzface for a wing and =
tail assembly with the jrotiles/airfoils, used at prasent on

passenqger aircraft, must cowpose b-100/0 of chord.

Besides the zone or ice accuwulation to designer it is important

to know icing intensity cu the auctscontour of profile/airfoil, wraiclh

i

e - M e e e

>
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is characterized by the 1loucal coetricient of settling L. In addition

o

to Fig. 1.11 (see Chapter I) let us examine as it changes the locsal 4
coefficient of settling F, in the duct/contour of curved prcfile f
NACA 65;-212 with the chord, the egyual to 4.7% m, which has thickn=usg
ratio 12o0/0 and *thickness distance to 40o/0 of chord, for the
following two cases: 1) by d4=3000-6000 m V,,=560 ka/h, mode cf

reduction/descent depap=20 H3 2) H=9000 wm, V,..=800 km/h, cruiss,

depap=15 p.

.
—— e R
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-Fable 11. Experimental data accoruding to 140 chservations

zone of ice accumulatincn on tne upper surface of wing and

in o/0 of chord.

(/) (")(1.1)'-4.1" VBaeICHe N

| 3oHa 3aXBaTa A8 J2HHOH 30HBI
8 % xopan JAXBaTa
. ; E.z.;'l._}rm; - .':——
0 ! ;
Jo 1 L
@')O'r L1025 S 236
Ot 2510 4,5 ; 19 13,55
Or 4518 55 ! 9 6,42
Or 5516 6,5 f T 30
Or 8 :1% 10 ! 2 1.43

for this zone of capture/gyrip.

Page 116.

passenger aircraft with tour engines TRD [ TP],

Key: (1). Zone of capture/grip intc o/o of chord. (2). Cases cft

about *he

stabilizer

(3)« guantity. (4). to. (5). fron.

evidently, the zone of capture/gyrip maximally reaches 4o/o0

lower wing surface in the secounda case).

Fig. 3.13 gives fcr two cases indicated the graphs which ar-
constructed accovding to the data of work [38] and are related to
- turbojet cngir-,

gross weight ~57 of t and an spain of wing ~48 m, From graph

(over tho

The determination ot tne iccal coefficient of settling for

icing

e

e, SRR 3

-

- .._.__4._—4
IO Ol VY. VPCT S TP L S
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different points of proriic/airrorli is the fairly complicated an't

labor-consuming work, whican rejuires the soluticn of the differ-rn-ial
equations of motion cf drops. in twe first apprcximation, for solv:i:g
some practical tasks it is possiple to recosmend the following simple

method.

At first is constructed grapn [,=/(sb) for value of P==, i.c.,
the trajectories of drops are received as the rectilinear ones (lo*
us recall that /= \i/\. where an - uistance between adjacen*
trajectories in the undiscturbea regyion, and \/_— distance on *h~ =3:Ic
between the points of intersectaion of these trajectories with +h-
duct/contour of profilesairio.i). For plotting of this dependernc=
traced to scale the prcriiesairroiri with the grid of straight patis
and graphically are determined relations AW/V for different valu:cs
of s/b (at critical poiut E,-|) Then is constructed the yraph,
analogous Fig. 1.11. After this to graph will be deposited thre:
points for the required conuitions (for concrete/specific/actual P
and Regy) . The first point correspoads E,,,. and it is daterminel fr oy
Pig. 1.8, in which is given tne dependence cf local coefficient on
parameter P for a critical point. Two round pcints correspond E,=0
i.e. are determined the c¢onss or capturey/grip s/b by lower and upper
surface. The zones of cagture/grip can be defined by graph/curve

(Fig. 1.12), and also on the yrdphs, given in present paragrarh.

Having three points indicated, i1t 1S possible to conduct thrcugh th=rm
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curve, following the character or that arranged/located of above ti -
curve, constructed for value or P==., As a result will be found
dependence £,=f(s/b) for this proiite/airfoil and prescribed/assiiyneil
conditions. Thus, utiliziany data tegarding the local coefficient c¥f
settling at the critical point ¢t profilesairfoil and in the zones of
capture/grip, it is possivle to dapjiroximately determine the
distribution of local ccefricient an the duct/contour of

profile/airfoil.

5. Equation of heat balance.

Let us examine the sjuatiou of heat balance for th2 wing
surface, which undergoes icaing. To this questicn was devote the
considerable number of works or tne foreign (Hardy, Tribus, Messiruasp
etc.) and Soviat (A. S. Zuyev, I. k.« Mazin, K. Kh. Tenishev ¢t zl.}

researchers.

In general heat transter oa the wing surface in steady

is composed from the fcliowiny elewments/cells:

Q.- the heat, selected/taken from surface as a result c¢¢ th-~

convective heat exchange.

Page 117,
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Q.. heat, selected/taxkecn trom surface and which goes fc:
heaating of the set+*ling cn 1t 4iops of water (from ambient

temperature to temperature suirtace);

Quu— heat, selected/takeu Lrcm surface as a result of

evaporating the depositea ou .t arops of the water;

Qu:n — heat, selecteds/taxen from surface as a result of th=

radiation/emission;

@rnp —heat, selecteus/taken trom surface as a result of the

thermal conductivity of wing coasctruction;

Q.- heat, applied to surtace as a result of compression arnd

friction of its washing air tiow (kinetic and viscous heatinyg);

Qua:— heat, applied to suridace as a result of the liberation of
latent heat of fusion witn thae treezing on it of the deposited Arops

of the water:

Qw— heat, applied to surface as a result of the transformaticr

of kinetic energy of the drops orf water intc thermal with their
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impact/shock about the surrace;

Quo. — heat, applied tu surrace from de-icing system.

Since 1s examined steauy process, when on surface is
established/installed certain eyuidibrium temperature, then the sar

of all quantities of heet, appliied and abstracted/removed fron

surface, must be equal tc zero.

Let us agree to consiuer tae aeat, applied to surface,

and abstracted/removed from it - negative, then

- ‘Ql{_Qn.n-'Qucn"'Qu:m —anp'l‘ Q.+ Qn.'\ + Q.+ Quoc=1. ()

In the equation given above iastead of gquantity of heat ¢ i+ i

more expedient to exawine ror eaca term of equation the heat transt:

rate ¢, which determines the guautities of heat, passing through =z

unit of surface per unit ot time.

At subsonic flight speeds on the radiaticn heat losses it is

possible to disreqard, i.8., ;0. In the majority of the cases +tia=-

heat flux, caused by thermal conductivity, also is very low in

comparison with other terms of egudation, since the gradients of

temperature over the wing suriace are usually small (G-mp==0).

Taking into account the atoresaid, we will obtain

= gx—qus—Fuent e+ gna + ¢or + Gno. =0. (b)

pcsitive
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Let us examine as 1t i1s Jdetalwined each of tha

conponents/terms/addends of ejuation B. '.
Page 118.

According to Newton's kanown Lormuia

7o=alts—ty), 13. 1)

vhere a - heat-transfer coerricient in cal/cm2ese9C; ts —

b

+amperature of surface an °C; I« - temperature of the undisturbed '
* 3

flow in ©°C i
Y =MCalls—lx), (3 2)

where M. mass of the water, wnich settles per unit of surtac- vp::

' unit time, in g/cm2s; .| . specific heat of water in cal/g°cC
) . 0'62_“_1‘;_1:141 P’s'— lt., o
i lvlﬂl « p (H —r) ’ ('3 ”
'_; where .L,, - latent heat or vaporization in the cal/g; =024 -

specific heat of air with constant pressure in calygecC; Coo

saturating vapor pressure at temperature (; in mb.; €, - saturating ?

i 4
vapor pressure at temperature I/~ in mb.; /x— pressure-surrcundirnj i
air in mb. L

Formula for the heat tiux, spent on the evaporation of water, is
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based on analcyy of the prucess oL evaporation and convective '.-a-
exchange. In differant wcrks (124, [46], [59] are yiven somewhat

di fferent from each cthei of tne expression of this formula. In *:.:.

case is accepted the formuia, proposed in werk {127 2:

rVi
= — .
9e e, 3.4
wvhere r - a recovery factor (dimensionless)2; I’ . speed of tne

undisturbed flow in cm/s; J=4.1lve1U? - mechanical heat eguivalent i~

gecm?2/s3 cal.;

du Ly, - (93 o)
vhere latent heat of rusion an the cal/g
L Do
l': ¢
Y5« m, ... ('3 6’

Rey: (1). with.

FOOTNOTE '. Sometimes fcr laryer precision/accuracy in formula (3. 3)

instead ¢f values of P ama ¢, are given the ccrresponding lccal

a2

importance of thes= values oa the boundary of btoundary layer.

ENDFOOTNOTE.

FOOTNOTE 2., Recovery factor cuaracterizes the degree of the
Ty, -t

~

transformation of kinetic energy into thermal : . where

far--

[|l|‘>\" aLA.

surface temperatur2 in the awsence of heat exchange between body and

i < m et
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airflow; ' ..— temperatuie uI aii «f it was ccmpletely braked. in
work {46) the recovery Lactol L is taken as as constarnt ani equal =)
0.875 (as the average/Mcal Vdiudc wetween 0,85 and 0.90 respectaivly

with laminar and turbtuleunut riow). cXDFCCTNCTE.

Page 119,

It should be noted tuat tuis neat £lux they frequentily
disr2yard, since *he Juantity ot neat, which is isolated as a r-s1.:
of transfer of kin2tic eLergyy 9oL urops into thermal, is consid-zivly

lower than the heat, determinea oy other terms of =2guation.

Let us examine the case wheu the temperature of surface ic

higher than zero (;.>0), whaca occurs in working thermal contiiLuvcas

de-icing systen.

The eguation (B) of siyns the form:

Guoc =G+ Gnsw T uen—YdeY0n (B
“/11.!"“0

since freezing is abseat).

After th2 substitution or tne corresponding exrressions tc:

term of equation, we wilil votain

Yuoe ’—'“Us—l-"';"“u‘n(ls‘f e

L 0628 Ly (s T 1= e 12 i
TuJLfs “L‘.i_w— —u - m, -. (3.7
4 r ep ¥
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Dhabast. 4

b Let us introduce into sgyuation expression fer the mass <f i~
water
i "
Ina=E,1W" x
vhera T - an integral local coetticient of settling (dimensicrnles.) :

W - water corntent in qg/cad.

Tren
0,628. L.~ (e,s —e,-‘) rl»‘.‘\
SV 3 Jininteiind ICE R SRS PR
qm)c [ cp Pm ._,j{_i) +
1 R
(g — tw EEVb;v{ —ta)— — |. 3.8
( A )]+ a (ts 4 ) QICUJ | i

Equation (J.8) makes it possiovle to determine calorific i 3
‘ ra2quirement for protectica trow icuing under the prescribed/aszign
| specific conditions when on tae shielded surface settle the

superconled drops. If faiigat occurs in the medium, which contai:s ¢

crys*tals, then in equaticn (C) ana respectively in equation {3.%)
must additionilly enter tecm 3., but with oppcsite sign, since b
[ ¥ill characterize the heat, selected/taken frcm surface for mel-i:r: .-

of the settling crys*als. il

The equation of hedt pdlaince ror ice crystals when 1x.-0 takes
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the form:

il

Guoc=Yx T Yu ot Gucn T qna— 4 Yo ()

Instead of term ¢uu 1into eyguation (D) enters term gu., which

determines the heat, selected/taken from surface for heating ci *! -

T ST L v

set+ling crystals from aspicnt tewperature *o 0°C, and the hea*,

selected/taken for heatiny of the water formed after the thawir; -~ L

crystals from 0°C to tenrerature /s, i

4

Page 120. ;

=

{ ! E
Comparing 2quations (C) and (u), it is nct jifficult to sv 0 - !

*he requirenmen* for heat for protection from "crystal®™ icing iv s

[ +han in tho case of "drcp" witn tae identical content pa2r uni+ of

. volumne of air, lijguid water and crystals with other =qual conii<i»v..

I After substituting iiu egaation (D) the appropriate sxprossior
- for its terms, we will cutaiwn :
- ‘a
ouo UG ) e VY f) e gy AR ;
OO L (eg e ris v
S ) oom L <. - X
e, ‘ . ’ Tl " .-)j“x' m:; 2y - { 3. Y) s
L or \
H
OB Lye,, oy Cr o e :
e T3 | Y . R ~ o i
T N RS IS J
S - s !
-EW T ((‘,.15 cte Ly, Y ) (3. 1) "
i In equations (3.9) and (3. W) m, - the mass of the ice
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crystals, which settle per uuit or surface per unit time in gscm?er f
W,.-- mcrystal™ water ccutent 1n y/cm3; ¢x— the heat capacity of

crystals ({ice) Gf:ogs cal/ge9C. ’

Utilizing formulas (3.d) danu (3.10), let us define nhow cher; = -
Juantity of h2a%* requireu ror protection frcm icing in the first irn:

in the second case with a cunange 1u the speed, flijht altituls, wai- =

b

content and temperature c¢i surrcunaing air. In this case let us 3
consider *hat the d=2position of crystals occurs just as drops, i. .,
that the integral coefficient of scttling is identical in tha* a1

circle the case 1,

[ FOOTNOTE 1., Tnils assumfptiaon Cali ve accepted, since the smallsr
specific gravity/wa2ight <i 1ce crystals, in ccmparison with drops, i i
compensa*z=d by their hijh sizes/aiwensions (see page U45).

! ENDFOOTNOTE.

Calculation let us conuuct oL the critical point of the win: =7
aircraft, in the cross sectiou winere the chord is aqual to 4 m. Fo:
determining the heat-trdrnster coetricient we will use the

2xperimental graph, given in Fige. 3.4 2,

FOOTNOTE 2. Granh is olkteined as a reosult of the flight experim=n+*-

i carried out on th2 airciait of [u-104. ENDFCCINCTE. 3
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The temperature of surfdace iet us take as equal to +10°C.
The results of calcuidation dare represented in Fig. 3.15-3.173,

As we s3ee, with an 1acrease in the velccity of flight the

calorific requirem2nt wiii 10Crease {cm Fig. 3.15).
Page 121.

However, in the case of dcrop 1ciny curve duwe=/(l'sx) reaches maximuxy :- f?

speel ~600 o kms/h, and taen Cegyuiiement for heat they are decrra:. i

it ~

as a resnult of the awmplizication ot kinetic heating. In the cas: it

P

the crystal icing of this phenomenon it is not cbserved, since th-

supplermertary heat, spent on meiting of crystals (term 9u). excesds:

the heat, which is isolated as a result cf ccmrression and friction

of air flow - the requirement fcr neat with an increase in the so-c

e

continuously thay increass. 0On the other hand, the graph shows +ha-
also with drop icing the guauntity of heat, required for maintainin.
the temperature of surface, eguds to +10°C, ccmposes at flight speo iy 4

800-1000 km/h the still siguiricant magnitude.

In Fige 3.16 it is snowwu how change the individual terms of - 1

—
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3 2quation of heat balance witu dn iucrease in the speed.

Change in altitude ot fiilgynt pas smaller 2ffect (Fig. 3.17).
This is explained by the Lact tndt an increase with the j
height/altitude of the yuautity or heat, selected/taken from sur?.c-
for the evaporation cf water, 1s cumpensated ty the decrease ct

heat-transfer coefficient. .

The temperature of surrovunding air, as this follows from Fij.
3. 18, has great effect c¢n tne vdiue of calorific requirzment, ]
mRoreover increase ] witan a teapelature rise fcr drop icing is

significantly more than for Criystali. Reverseysinverse picture is

| observed for dependence =i (W) (rig. 3.19). With an increass in =ia- ‘

‘ water cortent the requirement icr heat in the case cf drop icing ;l
grows/rises considerably less than in the case of crystal, which i=

{ conrectad with the effect ot teram @ur which in the equation cf h-2+ . 4

: balance for flight ir water cloud is absent. i
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o,
xﬁ qw%ﬂ @)
 culeen 05 [ Tp-5000m; tos -18°C: W=042 207
L0 H=5000m | ¢=Tx+qns+Jucn-Jo- P . ’
[ o -18°C Z ok i
48 LW—Q#Z 7 huvec - P ’_;‘ j_i;*_ ;
ofnedewerue a3 7 -+ 1 ! !
a6 7 b Z\tﬂ -l i j
* ‘anessoe N
a‘/!denen;? n 5,2 l]:: | ‘
04 * . ]
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02 Al - o 7 ] 1%
/ 9 Ja)
0 T BT BT Ve 0 700 %00 600 800 Ve rhjueC

Fig. 3.15. Dependence of calorific requirement cn flight speed -~

crystal and drop icing.

Key: (1). cal/cm? s. (2). Crystai icinge. (3). Drop icing. (4). xz/0.

! Fig. 3.16. Dependence or neat trausfer rates cn flight spesd for o

icing. !

Kay: (1). cal/cm2 s. (2). Klifhe (3). g/m3,
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‘ Page 122,
Q)
Ka, .
9 ialcex R ’
1,0 N *, g 2aa_
Vao= 500KM/uac Y cm¥ con
Lo ~18°C H=5000m @)
031 w=062 2/ue %6 | Vo= 500 nae/ vatc
+ ] ‘) 08 W=0,42 2/md
06 I(putma/lmé~ ' i gnd
vecnoe
odnedenenue l
Ny L L L 0'5 7
ST i !ng’"gf'/'“mm P
f oonedenenut
! Kanensnoe ?
0.2 m{neﬁeuenue o4 | P atnedence ]
| WP TTTIT
0

0 2 4 § 8 Hum =10 -20 -0 -40t,°C .

Pig. 3.17. Dependence ot caloritic requirement on the altitu.d. -

flight fcr crystal and diop iciliy.

4
}
Kay: (1). caly/cm2s. (2). Kiu/u. {(3). Crystal icing. (#). Drop 20:: . ]
{
!
1 Fig. 3.18. Dep=sndence oL caioiillC requirzment cn temperatar= o: ;_
14
surrounding air for crysta. aaa arop icirg.
‘ Key: (1). cal/cm2s. (2). Kas/ne (3). Crystal icing. (4). Drop icirt ;. !
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Pig. 3.19. Dependence ot calorific requirement on water contert o°

clouds for crystal and urop icinge.

Key: (1). cal/cm2s. (2). km/h. (3). Crystal icing. (4). Drop icinj. ?

(5). g/m3.,
Page 123. F
The dependenc= of caloritic rejuirement cn water content anli

temperature of surroundinj alr uhder the design conditions of iciny

accepted is given in Fij. Jd.cu.

Graph for convenience 1s ccoustructed in system of practical
units. As we see, calorific requirement for the most savere
conditions of drop iecing (4, =-30°C, W=03 g/@3, H=9000 m) reach ver

high values of ~19000 kcal/m2en (tor the section of surface necar
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critical line).

For a comparison wita tnc cwotdined results le- us 3Jivas the
graph, borrowed from wecrk [ 25], waich shecws change in dependence o:
the rate of necessary quautity ciL bheat for maintaining the surface,
free from ice, under conaitions oi drop and crystal icing. Grach i-
constructed for the critiacal pcaac of the cylinder with a diameter of
50 mm. In the work indicated there is not the information abouz +'a-,
in what way constructed ¢raph - calculation or exp2rimental. Howsav:- 1,
the character of curves aud tue siynificant figures of values of
sufficiently close to ortained are above (Fig., 3.21). It should b=

noted that the precisionsaccuracy; of the calculation of calorific

requirement considerably dejenus ou the precisions/accuracy of <«L-
determination of the heat-transter coefficient a, which is th=
complex function of a wncie sefies of variablesalternating (15]. Feoru
approximate computatiors a 1t 1s possible the wing leading edg: *c¢
replace by the semicylinder of the same sizesydimensions, and the
upper and lower wing sSurtdaces to consider as the flat/plane wall,
heat emission for which 1s detecimined comparatively simply.

Heat-transfer coefficient depends ¢n the state cf poundary laver o1

= e T

the wing surface, that also aiways it is possible accurately te

determine.
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rig. 3.20. Dependence ot caioritic requirement on the d=2sign

N
0 200 400 600 8§00 1000 Ve wrpoce
conditions of drop icirg.
Key: (1). cal/m?2ek., (2). &«u/b. (3}. g/m3. .%

Pig. 3.21. Dependence cf iciny reguired for prevention of gunanti=y of i

heat on rate for leadirn¢ edgye or cylinder. i

Key: (1). cal/cm2s. (2). Ciystas iacina. (3). Drop icing. (4). kn/h. 4

5 (5). ue (6). g/m.

!
1
Page 124, u
4
‘
The presence of water on tne sultace causes the shift forward ol *ih- i
i3
transition point of laminai bounaaiy layer into turbulent. For ;
contemporary high-speed airciaft the heat-transfer coefticient
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!
K usually is determined frca propajation corndition for turbulen* ,f
bouniary layer to 2ntire oi ldirye part of the wing surface in

question. ’3

As show investigaticas, yreat effect on heat-transfer
coefficient is 2xerted rate and rlight altitude. The t2umperatur-

effect of surrounding aii can be uisregarded/neglected.

Besides the case examined awvove when (>0, the equations givsr,
above make it possible tc ueterwine heat fluxes, also, with other “w: | 4
cases when the temperatuie or surrace is negative or egual *+c z=ro. ij
¥hen

is-- ), which is of rracticas use, in particular, for tne do-icing

systeas of periodic actioa, 1t is uecessary, cbvicusly, to consiii-

the heat, applied to surtace as a result of the lipberation cf lat:n*

heat of fusion (when superccolea iiquid settles and passes into =-1%:

state with 0°C), and the neat, given up surface by formed ife (.h-:

it is cooled to temperatuce ;)

6« Thermal continuous de-iciny systems.

The calculation of tuermal continuous de-icing system (warni:ng

* systa2m of icing) frequertly 15 pertormed to the prescribeds/assign-i i

temperature drop which 1s deterwined by the differ=snce bhetwesn *i-

1al

| temperature of heating surface and the temperature of surrounding aiv
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with flight in so that cdiied "dry" air (out of clouds).

Fundamental requirewsut rol tuermal continuous system lies in r:
the fact that to warn/prevent tne i1cing of the shielded surface,
also not to allow the apjedrance o a consideratle layer of ice

beyond the limits of the waLmeu <one (so-called "barriar" ice).

Arises the question, sdcn as 1S required the temperature drowu irn
the "dry" air for preventiay icée rormation c¢n the leading edgsz H»f <t:
wing of aircraft in flight ot 1t under the design conditions cf 13

icing. '3

The method of the evaiuataion of thermal de-icing systanms
according to the temperatuse Chacacteris*ics, determined in “1iak- ‘
out of clouds, is based oa the sulution of the equation of hazat

balance described abcve.
Page 125,

Smallest quantity of tae neéat which is required for the
prevantion of icing, will ouviousiy be at temperature of surface, ﬁ

close to zero (ti==+07) 1,

POOTNOTE !'. Strictly srpeakinyg, af =0, then in the equation cf hL-i<
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balance must be introduced term /.. since the freezing of liqui'l

already occurs. ENDFCOTNC({La

After substituting intc zormula (3.8) -u let us have:

08280, (14 40 AN ,Jv
W\ T

Ypoc = &
Oy

+Engq(n —‘ﬁ], NIREY

RETER

Otilizing this exrressiom for ¢,.. can be deterwmined,

how,

temperature of the shielued surrace in flight in "dry" air must

axceed the temperature ¢i surrounaing air in crder under cconiis

of icing to avoid ice fciawation.

In flight in "dry" air yus=4¢uu=4¢.. - and the equation

the form

. Y
9noc '"qx_qc:;a[ts_(t‘—f_. “)1 ot

(C) =

vhere ¢ t;-.respectiveiy tne Towpsrature of surface and the

temperature of air in fiiygatr ovut o1 clouds,

By equating *he first anu second expression for Ymc

determine:

A‘=f§—'::‘1‘%'(%p'“ =
b \ ;
EAW‘("CB( - Vv 2
i (3. 13)
a * e, .

let us

“te

- -
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Thus, the required tewmp=rLatule drop in "dry" air A* d=penis -~
the series/row of the fparam=2teis, into which enter the t2mperatu:. o
air uander conaitiens of 1c¢iugy, water content, flight spead, grore-iis
characteristics of the shieusdeu prefileszairfoil and siza/dimern: i

drops (determined by value £}, etc.

Introducing 1n equativia (J.13) design conditions accorizr: -
water content and +tempeiature, it 1S possible tc obtain for sza:
concrete/spacific/actual prorideszairfoil the required tempzratu:
drop to which must c¢crrespona tne temperature drop, det=rmined 17

tests in "dry” air,

| Formula (3.13) was subjected t0 th2 expéerimental check whio:
f showed the completaly satisfactcry convargence cf theor=tical a.}

experimental data.
Let us giv> two @xdamplss of tals cheacking.
1. Determination in "ary" aic of temperature drop at crit:ical

! points of nose/leading €dye ot air intake of aircraft of Tu-174 .- ‘

heighty/altitud=> of 4000 @ and inuicated airsp2eds 400 ka/h showe i

that datum composes 32-339C (acasuiements were conductad during + -+

of one of versions of exjperimentar de-icing systenm).
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Page 126.

During the incidence/impiugeanent of aircraft at the sanme
height/altitude and speeu unaer couditions of icing at temperature of
surrounding air of -20°C unu uveragye/mean water content 0.2 g/m3
occurred ice accumulation aii over circumference of air intake, in
spite of the previously counnected ue-icing system. Calculaticn
according to formula (3.13)! rfoi tuese conditions showed that the
required temperature drcg ror tue prevention of icing had to comprise

not less than 399C (inste€ad of Js-339C).

FOOTNOTE !, Heat-transfer coerticient at the critical point cf the
wing of the aircraft of Tu-1U4 was determined experimentally.

ENDFOOTNOTE.

2. Temperature droj aneail cratical point in one section of wing
of aircraf* of Tu-104 ccuposed £>5%C in "dry" air at heightsaltitude

of 2000 m and indicated airspeeus 400 km/h.

With accomplishing ot fiignt 1n th> zone of icing in the section
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of wing indicated occurred ic=2 iLo.wation. Flight conditions ware
following: H=2000-3000 m, t.= 1°C, 1y =400kmsh, W, =10 g/e3, de-icing

system was connect=2d pricr to tne entry into the zorne of icing.

Calculation accordiuj to roimula (3.13) for these conditions
showed that the requirea teupetatuie drof must he not less than 33°C.
This was the confirmed rurtuer experiment when engine power rating
was transferred into this, uuriuy which appropriate temperature drcp
in "dry" air it composed 3y-4uYC; 1n this section of wing was beqgun
the thawing of ice, and tneu 1t was distant completely. (Complete
removal of ice it occurreua alreauy on leaving of aircratt frcer

cloudiness).

Fig. 3.22 gives the dsopendeuce of ice formation required for
prevention of temperature diop on the design conditions of icing.
Calculation is carried out roi tue leading wing edge of the aircraft
2f Tu~104. As can be seeu rcom yraph, the proposed previously
required temperature drcp in 359C providas protection from icing

under design conditicns cuiy to -12°C.

The analysis of formuia (J.14) at different possible values of
the entering it values showed taat the required temperature drop for

at present aviation proriies/dairrolls used must comprise in the

earth/ground not less thau 5uvC.
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A change in the regyuiied tewperature drops in heightsyaltitudes

is shown in Pig. 3.23.

Continuous de-iciny systew awust prevent ice formation not only
on the warmed part of tue surrace, but also beyond its limits, which
is r=ached by the selection 0f the sizes/dimensicns of the shielded
zone and by the maintendnce of tae corresponding temperatures of

surface.

The graphs/curves ygyiven in tne preceding/previous paragraph
illustrated the requirements tor a<at for maintaining the temperature

of the surface, equal tc +149C.
Page 127.

However, the achievement or tnis temperature does not in any way mean
that the water, wnich setties on winy, will ccmpletely evaporate and
will not occur its runotr veyond tne limits of the warmed zone.
Actually/really, for contiuauous uc-iciny systems the problem of the
formation of barrier ice ads seriaous value. Experiment shows that ]
accomplishing endurance tlijat utuer conditions of intense icing

leads to the appearance ot vaciler ice 2ven in de-icing systems with ¥

e
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sufficiently high temperature drops. If the settling water completely '
3 does not evaporate in tne Zonec oL settling, its remainder/residue
1 leaks off back/ago (on upper dana lower surface of wing) in the form ’;

of the separate streams wulch tneua freeze and are formed uneven ice
built-up edges at consiueraonle uistance from leading edge. Sometimes
thesa ice built-up edges take tne rorm of separate flows (Fig. 3.24),
wvhile sometimes - continuous 1ce varrier (Fig. 3.25). ‘ﬂThe

] formations of barrier ice it wouisu be pnssible to avoid, after
ensuring on an entire wing surtace the temperature, exceeding 0°C;
however, the structural/desiju aua enerygy di1fficulties of this method

they were obvious.

IAnother m2thod, whica removes the possibility of the onset of
barrier ice, it consists in tne evaporation of entire water over the
area of its settling. This woulu make it possible to have minimum ;‘
zone heating along chora (corresponding to the zon2 of capture/grip),

! but it would raquire tc eusure too high a temperature in the small

a section of surface, which aiso presents considerable Arfficulties.

R S
¢

bt o SN
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Fig. 3.22. Dependence ct ice toLwation required for prevention of

temperature drop on the desiyn conuitions of icing for the leading

wing edge of the aircrart or Tu-1J4. Key: (1) . kmn/h.

Pig. 3.23. Dependence oL rejuiled in "dry" air temperature drops from

computed values of temperature ot surrounding air and water content

for d1ifferent heights/aititudes.

Key: (7). kg/h.

Page 128.

As illustration let us Jive gyraph (Fig. 23.26)borrowed from work

(i8] which shows tne dcpenuence of calcrific requirement for the
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complete evaporation of wdater over the area of its settling froa
water content and temperature oiL surrounding air. As is evident, for
the de-icing system, based oun tue principle of the evaporation of the
drops of water over the area or tueir settling, the calorific
requirement, per unit c¢f tue wingspan, depends in essence on the
value of water content. Tae teuwjeclature effect of surrounding air is

small.

Thus, the total quantity oi aeat, @hich requires for the

prevantion of icing, depends on sesiected safety method.

If de-icing system 1s projected/designed then so as to ensure
the a2vaporation of water over darea largsr than area oif settling the
drops (which usually and occurs), then calorific requirement depends
both on the temperature or surtace and on the size/dimension of the
varmed zone. Fig. 3.27 yives tnat undertaken from the same wcrk of
graphs/curves, that shows a4 cuangye in the heat required for
evaporating a guantity 1in dependence on the warmed zone in chord and
on the temperature of the surface (temperature for this warmed zone

is accepted by constant).

.
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Pig. 3.24. Barrier ice riows oL tue uppar surfac2 of stabilizsr after

flight under conditicns i 1cCily.

Page 129.

From gyraph 1t is evidaeat tnat, for example, for the heating
1950/0 chord at temperature ot surface of 249 1t i1s requir=2d by 16000
kcal/hem, and for the hedting <wcuyuv chord at temperature ot surface

of 12°C it is required Ly «33JU xcal/hen.

Graph clearly illustiates, wuich during the guarantee of high
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temperature of surface ana smallest warmed zone is required less than

the heat.

O0f that examined it 15 awuve evident that continuous de-icing
systems (systems, antiiciuay) recearved widest use on contemporary
aircraft. In the majority ot the cases - these are the air-heat
systems. However, the larje rejuircments for heat which grow/rise
vith an increase in the sizes/dimensions of aircraft, their speed,
flight altitude caused coasiaeravic difficulties because of the need
for the selection too ¢t jreat 4 yuantity of air from engines. This
it forced to turn to the systems or the pericdic action whose

requirenents for energy are cuusiderably less.

Before passing to the second yroup of systems, are given several

short descriptions of typical air-heat ccntinucus systems.

To the aircraft of 4u-104 the protection from the icing of wing

and power plants is accomplisnea/realized with the aid of the hot

air, selected/taken trom tne coupressors of engines.

-
i
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Fig. 3.25. Continuous baxrier ice on the upper surface of stabilizer

after f£light under condations or icing.

Page 130.

The schematic diagram o1 ue=-1cing system is shown in Fig. 3.28.
The air, gathered/taken 1in tae eiyath compressor stage (with the
temperature, which reacnes vy 24u%), on conduit/manifold 1 through
locking 3 and reverse/ianverse 4 vdives anters the right and left wing
leading edges. System has a conduit/manifcecld cf cross-feed by 2,
through which is provideu tne aar supply in the failure ot one of the
engines. Ir this case the coriesgonding check valve prevents the

leakage of hot air to tne side c¢r tailed engine,

The temperature of tne aiL, vanich 2nters leading edge of wing,

YU e
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in dependence on engine powar rating and temperature of surrounding

air oscillates from 70 ctc ZU0vC.

The deicer of the winy leadiuy edge is arranged as follows (Fig.
3.29) . To skin/sheathing 1, made trom Duralumin in thickness 1, 2 am,
from inside is riveted corrugyation 2, prepared also from Duralumin in
thickness ftrom 0.6 to 1 wa. Tne corrugation of split, consists of the
upper and lower panels wnich auring installation form ten-millimeter

slot along the leading edgye of wing.

Along leading edge is estawiished/installed dead/blind arm 3,
vhich is wall from Duraiumiu witn 4 thickness of 1 pm which is
fastened to corrugation. waii rrom the side of forechamber is coated
by fiberglass laminate. Ara Jdivides leading edge into two

chambers/cameras: front/leadiny A and rear B, which communicate

through the channels of corrugation.

R N

LT ke
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Fig. 3.26. Dependence or caioraric requirement for the complete
evaporation of water on watel countent and temperature of surrounding

air.

Key: (1). kcal/hem. (2). spreaa/scope. (3). km/h. (4). 3/m.

Pig. 3.27. Dependence oi Juautusty of heat ¢ required for evaporation

on size/dimension of waruwesd zone aiong airfoil chord x/b and on

temperature of surface :.

Key: (1)« kcal/hem. (2). cunord.

Page 131,

The channels of corrugyation are arrangad/located along wing

e,
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profile and have variabuie/aitwruating cross section. The
height/altitude of corruyution comprises at leadinyg edge 4-5 mm, in

area of arm - 6-8 mm and iu tramiuny profilesyairfoils 4-2-3 am.

The internal part of tforecndmpver is coated by the fiberglass
laminate with a thickness or V.5 mw, which is shield 5, which are
guided the hot air thrcugh tne siot in arm to the leading edge of

wing.

The warmed zone of winy occuples 14-150/c of chord. Ho%t air is
supplied into forechamber A, 1s distributed along the channels of
corrugation it washes wing skin f£rom its inside. Further air enters
rear chamber/camera B, whence it 1s reject2d in the atmosphere

through special openingssapertures in wingtip fairings.

The end sections ct vWinyg, wuich have smaller absolute
sizes/dimensions and subjected taerefore to mcre intense icing, have

the intensive heating due to tae special shaping of the channels of

corrugation,

The start of the de-icing system of wing is produced with the
aid of the tap/crane of contros 5 (see Fig. 3.28) pneumatic actiont,

the co-pilot established/instasica on instrument panel.

e

o

Sl o
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FOOTNOTE 1, On the aircratft oi 1lu-124, which has the analogous
construction/design of tue de-icing system of wing, control of

tap/crane - electrical. LENDFUUTNUILE.

Control/check of the operation of systenm is
accomplished/realized by tae taciwocouples whose sensors are
established/installed ia couduits/wanifolds at the leading edge
entry, and by the manometer, waicn measures the pressure in the

control systen.

e
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Fig. 3.28. Schematic diagram or tne de-icing system of the wing of

the aircraft of Tu-104.
| Page 132.
The expenditure of air tur tue de-icing system of wing composes

,’ 9200 kgsh at the heightsaltitude 9. 1000 m and it falls to 5600 kg/h

at the height/altitude cf 7u0J a (an level flight with a speed of

Vip= 400 kKm/h) .

For de-icing systea of sucu type is characteristic the .

dependence of the effectiveness or its acticn on engine power rating.

This makes it possible iu xuoeh limits to enforce the heating of the
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shielded surfaces by an increase iu engine power rating. So, the t
increase in the operatiny wode, wnich correspcnds to an increase in

the level flight of speed fiom 44UV to 600 kms/h in instrument, leads '
to the increase of the ecxpeunaiture of air for wing cn 700 kg/h. The
temparature drops on heatiny suriace in this case considerably

grow/rise: on 13-159C at tue cratical points of the winy leading edge

and on 10-12°C - on the lidtcial surtace of nosesleadiny edge. Curve

in Fig. 3.30 illustrates tne depsuaence of tae temperature drop on

the leading edge of the winy ieauing edge on flight speed in the

connected de-icing system.

On the other hand, 1r we ensure the necessary temperature drops
in lov engine power ratings, thnen an the increased modes/conditions
they will be unjustifiabliy nign, wuich rejuires the regulaticn of the

quantity of air, which enters tne ueicers.

The de-icing systew or tne aircraft of An-24 also air-heat, with
the use of hot air, abstirdacted/reaoved from the compressors cf

engines.

The schematic diagraw ot ae-icing system is shown in Fig. 3.31. '
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Fig. 3.29. Schematic of tae uneatainy of the leadiny edyge or +h

O

wirng

of the aircraft of Tu-104,

Pig. 3.30. Dependence o1 temperature drop At on leadiny wing edge of

aircraft of Tu-104 on flaigut speed i,

Key: (1) . km/h.

Paje 133.

The air, selected/takeu rrvaw the tenth ccecmpressor stage of the
engines through special colliars, comes unéder gressure to check valves
1, controlled by the electirical wechanisms which are incluleld by the
toggle switch, arranged/liocdateu ou special control panel in tie

co-pilot.

Control/check of fuli gate ot the taps/cranes of air supply 1is
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accoaplished/realized ca tne tfairainy of two bulbs, arranged/located on
the same panel. From stcp cocks the air proceeds to the manuevering
valve§ of pressures by ., wanich maintain the fressure in systen,
equal to 3.2$0.2 atm (tech). Furtaner through check valves 3 air heads

tovard the deicers of wing and tail assembly.

On the aircraft of An-24 for supplying hot air to heating
surfaces it is applied ejection 1in contrast to the aircraft of Tu-104
with direct air supply from tae compressors of engines. The de-icing
systen of wing, tail asseably and air intakes of engines
structurally/constructurally differs from the usual schematic of the

air-heat systen, used or many aarcraft types.
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'S

Cnema obazpeba nockal xpoia

anepenus
Pig. 3.31. Schematic diayram or tae de-icing system of wing and tail
asseambly of the aircraft or An-<4, 1 - check valves, 2 - pressure
regulators, 3 - check valves, 4 - deicer of wing, 5 - deicer of

stabilizer, 6 - deicer ot rfain.

Key: (1) . Diagram of the heatiny ot the leading edges of winyg and

empennage.

Page 134,
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On aircraft Ap-24 is used tne so-called micro-ejector anti-icing

systenm, made as follows.

Along the shielded surrace or noses/leading edges is laid the
conduit/manifold made of tne stainless steel vwith a diameter of 45 amm
with the micro-nozzles witih a diameter of 0.8 mm on wing and 1.0 mm

cn fuller's earth and stapilizer.

The receiver of deicers in coaplex with the micro-nczzles whose
space is equal to 15 mm, forms tane system of the micro-ejectors,
vhich work according to recircuiating method. The diagram of air
circulation in the leadingy eagyes of wing and tail assembly is shown
in Fig. 3.31, Hot air from tne coanduit/manifold through micro-nozzles
is supplied directly to tne lzadiny edge of the protected surtaces
and along the channels, formed by skin/sheathing and corrugation with
constant section along chora, enters further into the rear
chamber/camera of nose/leadiny edgye. The part of exhaust air will be
ejected by micro-ejectois and anew it enters the corrugations of
deicers. Exhaust air moves over the channel, formed by skin/sheathing
of deicer and by front/leadinyg donyeron/spar, and through

openings/apertures in ending it is rejected in the atmosphere.

The waramed zone of noses/leading edges composes 100/0 of chord

for a stabilizer and a tin and 11-150/0 of chord for a wing.

IR S G Ty
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The flow rate of air, which enters the de-icing system of wing
and tail asseably, in tune raunje of heights/altitudes from 1000 to

6000 m composes respectively 2800-1800 kg/h.

The advantage of micro-ejector system is the considerable
decrease of the air flow rates rtrom engine inp comparison with

de-icing system with usual e jectors.

Thus, for instance, fiow of air to the stabilizer of the
aircraft of An-24 with micro-ejector system approximately/exemplarily
to 300/0 is lover than tha expenuiture for the same stabilizer with

usual ejectors.

It is knovwn that duriny the uses/application of ejectors in
dejicer the air flow rate i1s aeterained, in essence, by the flow rate
through the ejector and to i1ow deyree it depends on engine power
rating. This is advantage of such type of system in coamparison with

de-icing system with direct air oieed from compressor.

De-icing systems with the use of ejectors for air supply are
applied on soviet aircraft wita the turboprop engines (An-10, An-24),

the selection of a large juantity of air from which is iapossible
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without a considerable reductiopnsdescent in the power. It should be
noted that the mode/conditions ot the operation of the turbofrop
engines, which have permanent revolutions, virtually little affects

the effectiveness of the action or de-icing systen.
Page 135.

In the series/row of foreigu aircraft with TVD a question of
hot-air heating of the surfaces suielded from icing is solved with
the aid of the installation of tae heat exchangers, in which the air,
gathered/taken from the ataospaere, is heated due to waste heat of

engine.

An example of the use/appiication of this system are aircraft

"Argosy®, *vVanguard® and "vVicount.".

On aircraft "Argosy®™ oy wara air are warmsed the wing leading
edges. The air, entering ianto heat exchangers from the atmosphere
through special air intakes, 1s haated by waste heat and heads then
for distributing pipe (Fiy. 3.3¢2 and 3.33). It the air enters the
fundamental channel of nusesleadiny edge, forsed by the lower

covering and the fiberglass laminate partition/baffle,

arranged/located along tne lenyth nose/leading edge.

B TNt
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Fig. 3.32. Schematic diagram of the de-icing system of aircraft

“Argosy".

Key: (1). Distributing gipe. (<). Valve ot type "butterfly®. (3).
Heat exchanger. (4). entry of air. (5). Distributing pipe. (6).

Shutter/valve of regulatcr. (7). Reactive/jet exhaust. (8). Union

pipe. (9). yield of hot air. (1V). Air intake. (11). Warmed
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nose/leading edge. (12). yield of not air. (13). Fiberglass laminate
partition/baffle. (14). Braunch/draan channel, (15). Channels of

corrugations. (16). Funcamentali channel of supply of air.
Page 136.

Further the air through tne siot 1in the lower covering, made in the
form of corrugations, entars tne cnannels of corrugations, washing
the wing leading edge. Then air leaves corrugations and is
collected/built in the chamber/camera, formed by spar web and by
fiberglass laminate parctitionsbaftle, after which it is rejected in
the atmosphere on special diverters and openings/apertures in the

upper part of the wing.

Heat exchangers are arraaged/located on internal engine nacelles
from inside. The supply of cola air and exhaust gases to heat
exchanger is regulated by teo snutters/valves and is arranged in such
a vay that the shutter/valve ot tae air intake of exhaust gases
cannot be opened/disclcseu as long as will not be completely opened
the shutter/valve of the air intake, which enters from the

atmosphere.
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Fig. 3.33. Layout of the aneat excnangers of de-icing system (on
internal power plants). 1 - cnapnel of hot gases, 2 - air intake of
heat exchanger, 3 - heat exchanyer, 4 - exhaust tube of hot gases, 5
- manifold, 6 - channel cif hot ai:r, 7 - valve of the type
"butterfly", 8 - tube for air bieed for the heating of the air intake
of heat exchanger, 9 - thersosensitive elements, 10 - mercury
thermorelay, 11 - exhaust duct, 12 - power frame, 13 - shutter/valve

of exhaust duct, 14 - fire wall, 15 - jacket.

Page 137.
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{
The position of the suutter/valve of the air intake of exhaust &
i gases automatically is rejulated depending on the temperature of hot

! air (signaling is accomglisnea/realized with the aid of the fire

WY

detectors, arranged/located on manifold) so that with an increase in /'3

the temperature of air in tube 15 supplied sigral to the closure of

TR VN

shutter/valve, and with decrease - to its complete opening. The
oscillations/vibrations ot tne mechanism of control of shutter/valve

are damped.

e e — et

-.—,
- 2 v
ROVESTIND N

In system is proviaed for tas signaling about superheating -

|
= wvith an increase in the temperature of air in tube to 190°C ¢
operates/vwears mercury switca, which closes the relay circuit of H

signaling. 1

Besides the tube ot signaiing about superheating on left ceiling

B e 7 A

flap are mounted two temperature andicatcers of air in tube,

calibrated from +50 to +20u°C.

For preventing the possapility of the start of deicer on the
earth/ground, which can lgad to superheating of construction/design,
F control of the mechaniss of tne opening of the shutter/valva of

exhaust gases is interlockeu with the reducticn of landing gear
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struts. Plow rate ot hot air through each heat exchanger (i.e.

to one half wing) - about 3600 ky/h. Temperature drop on the leading
edge of center section (in the place of the supply of hot air)
reaches 100°C, on lateral surface of 50°C; in outer wing panel
temperature drops they comprise: vy 50°C on leading edge and 35-40°C

on lateral surface.

The de-icing system ot tne wing of aircraft "Vicount" angd
®"vanguard" - is air-heat. Air due to velocity head enters the heat
exchangers where it is neated by tae exhaust gases, selected/taken
after turbine in a quantity of approximately 20/0, and further heads
for the channel, arranged/located along wing. From channel the air
enters the wing leading edye, it i1s collected/built in offtake and is

rejected in the atmosphere throuya openings/apertures in wing tip.

Temperature of exhaust gases at the entry into heat exchanger of
5009C. Air in heat exchanger is heated to 165°C and is cooled in wing

to 70°cC.

Heat exchangers are arrangyed/located in internal engine nacelles
and are made from tubes maae or the heatproof steel with a diameter
of 4-4.,5 mam. Tubes are arranged/located vertically; air moves within

thea from bottom to top. Exhaust yas washes tubes horizontally.
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For cessation the dir supplies in the upper part of the heat

5 exchanger are by louver,

1 Por the protection ot tne turpojet aircraft VC-10 from icing is [.

utilized hot air from tne compressors of engines,

Air bleed on each enjine 15 accomplished/realized from the
latter/last compressor stagyes ot tue high and low pressure (see Figqg.
3.34) . The feed systems of air Irouw each pair of engines together
with their aggregates/units of automatic regulation function

separately from each otaes. | 4

Page 138,

The air, selected/taken trom tne compressors of the hign and low

pressure of each pair ot enyines, mixes and, passing through

reduction and check valves, it fails into general/common/total

distributing pipe, whicn passes i1n fuselage. Thus, because of

cross-feed during the malfunction of one or two engines air supply is

provided by other two engines.

e =

After the branching oftr of conduit/manifold in fuselage (point

T

l of cross-feed) the conduit/manitoid is passed on center section and

further into root of the wing where the air is utilized for the drive
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of turbine of cooling evapordative installation.

To the wing leading edgye tae air is supplied through check
valves. To slats the air cuters trom the wing leading edge through
the telescopic joint and it passes on conduit/manifold along the
spread/scope of slat. Through openings/apertures in conduit/manifold
the air falls at first ainto intermediate collector/receptacle, and
from the latter - throuyn siots into space formed by external and
lower coverings (Fig. 3.35). i1s daerived/concluded air into the fixed
wing leading edge after slat. witn the extended slats the exhaust air
emerges through special cpeninys/apertures. These openings/apertures
coincide with openingsyapacrctuces i1n the fixed wing leading edge with
the retracted slats. In tais case the exhaust air frowm slats is
removed together with air frow tne fixed wing leading edge. When
slats are released, openings/apertures in the upper surface of the

fixed wing leading edge aie cioseu by trip valves.

The section of leadiny wedye ot wing in long approximately three
meters in fuselage (i.e. iu tne zone of the location of engines) has
the intensive heating fcr tune preservation of engines froa the
incidence/impingement of tne pieces of ice which can be formed and
fly in the case of the insufiicient effectiveness of the heating of

ving in this section. For aircrait VC-10 this is especially

important, since its engianes koills Royce Conway have duralumin
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rotating compressor blades. Tne intensive heating is provided due to

the elevated temperature or air eatry for which is arranged/loccated

on fuselage.

The zone heating or wing in the percentages of chord varies from

100/0 in root, to 1404 - at tig ot the wing (over upper sur face) .
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Pig. 3.34. Schematic diagram or the de-icing system of aircraft
VC-10. 1 - pipe of air bleed frouam iow-pressure compressor, 2 - air
extraction manifold froa nigu-pressure compressor, 3 - thermal
valves, 4 - reduction valves, 5 - main check valves, 6 - check
valves, 7 - deicer of wingy, 8 - dsicer of stabilizer and fairing
about the stabilizer, 9 - aeicer oi fin, 10 - branch of engine

starting, 11 - evaporative installation.

Page 139.

Air supply to the nheating of the tail assembly from fundamental

conduit/manifold is acccmpiisneasrealized through the two-position

check valve.

In the case of damaginy to electrical control circuit the valve

remains in position "opened%.
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Air, passing throuygh the cneck valve, proceeds to the
nose/leading edge of fin, stabilizer, and alsc to fairing (butt joint
of stabilizer with the fin)whose lateral surfaces to avoid the

wvedging of rotary stabilizei with icing are warmed.

2 Air for the heatiny of fairiuy enters from the

coarse-wire/coarse-conductor of tae stabilizer through the tee. In
connection with the fact that the stabilizer in flight is deflected, '

into conduits/manifolds are iatroduced flexible sectioms. E

Air in the noses/leadinyg edjes of fin, stabilizer and fairing 3
moves over the channels, rormed oy dual skins/sheathing, and it is
derived/concluded in the atmosphere through the grids/cascades which
are arranged/located on the laterai surfaces of the upper part of the :

fin.

1he conduits/manifcoclus, arctanyed/located within nacelles and

fuselage, are made made of the stainless steel with double walls.

Upon the decomposition ct internai wall, external will avoid the

incidence/impingement of air into tuselage.

In all points of connections, closed in the event of damage by

jacket, are established,/instalied expansion tellows.

RO 17 s ot AT s 5 OUING.. o DR RS 1. s e Y I A P
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The conduits/manifolds of tue tail ascsembly are also made froa
the stainless steel with riexible expansion bellows. Exception is

flexible conduit, establisned/installed on rotary stabilizer.

The conduits/manifcldis, arrangyed/located in wing, are made from
aluminum alloy with exceptiou of camannel in the telescopic joint,

which makes it possitle to wve moved for slat.

Temperature of air in distraouting pipe of 2259C, pressure of
3.5 kg/cm2, This temperature i1s waintained by the feed control of air
from high-pressure comgfressocr: with a temperature decredase thermal
valve closes with compressed air caeck lov-pressure valve. After this

into system comes the air only rrom high-pressure compressor.
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Fig. 3.35. Schematic of tne neating of the leading edge of wing and

slat of aircraft vC-10,

Key: (1). Slat is released. (<) Siat is retracted by 10-140/0 of

i chord.
Page 140.
The expenditure of air for entire de-icing system is

approximately 26000 kg/n, froam tunem: to wing - about 14500 kgs/h, to

stabilizer - 5500 kgs/h, to tin - apout 2000 kgs/h and to engines -

A 4000 kg/h.

When is not required heatiny, by overlapping high-pressure valve
is established/installed in position "air it is openly"™ and utilized
only for actuating of the turbvine of cooling evaporative

installation.
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¥In the failure of enyine cneck valves prevent air losses to the
side of failed engine ot pair or wugines.
‘ During engine starting on the earth/ground air flow moves in
opposite direction. Theretfore therwal valves, reduction valves and

main check valves are estaniisuaeasainstalled in position "opened®. {

Por a signaling abcut superhaating before main chack valves in

engine nacelles and in distrioutauy pipe of fuselage are

{ established/installed tne taermocouples. On flight engineer®s panel

#0577

are tubes of signaling about superneating, and also temperature

Tpe 1

indicator of air in conuuit/manitoid.

—
~~_5Is provided for also P

the signaling of air pressute iu the conduits/manifolds: in the air

3

duct it is established/instaliea two pressure sensors, connected to

ERT TR - ATt s

one indicator lamp on fliynt enyineer's panel.

TR Anw

The de-icing system of aircraft VC-10 is desiyned in such a way
as to provide protection trom iciay to the temperature of surrounding

air of -30°C and heightsaltitude on the crder of 10000 a.

At international ccniervnce on the protection of aircraft and
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helicopters froa icing, which passed to 1961 in England, the firm
Blackburn proposed the desigyu or nev de-icing system, which was based
on heating the shielded surtace by the thin film of the warm air,
selected/taken from engime [ 55). [ne warm air thrcugh narrow slots in
the leading edge of wing ana tail assembly is blown out with the
transonic speed to the external surface of the shi2lded aircraft
components and heats it. sesiues protection from the icing this
method can be used alsc tor bouundazry layer control for purpose of an

increase in the lift and decrease of drag.

The schematic diagram of tne combined boundary layer control
systea and warning/prevention ot icing is shown in Fig. 3.36 and

3.37.

Air is selected/taken trom tae compressor of each engine ard is
supplied through two parallei pipus to generaly/common/total air duct.
The maximum quantity of dar, rejuired for warming/preventing the
icing, is approximately 5.50/0 or yeneral/common/total air flcw rate.

For boundary layer contrcl it 1s required by 120/0.
Page 141.

In the case of faiiure or une of the engines the necessary air

flovw rate is provided by one operating engine, since failed engine

RGN 3

P TR 3 TP TR s R T v - g SR AR

=7 g i 5 PR C
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automatically is insulated from nigh-pressure circuit by check valve,
In this case the effectiveness or system does not deteriorate, since
entire the necessary gquantity or dir can be obtained from each

engine.

Air supply from common duct anto the conduits/manifolds of
leading edges and to slots is rgyulated separately by decreasing the

pressure, also, with the aid or cnangeover valves,

For the functional test of system on the earth/ground in the end
sections of the leading edgyes or wing and stabilizer are
established/installed tne manvmeters. In air the system is included

by hand during the operation or siynal indicator icing.

Pressure and temperature or aar for boundary layer control are
11.25 kgf/cm2 with 225°C and 7.0 kgf/cm2 with 3459C, Por the needs of
de~icing system the pressure is aecreased to 1.75-2.45 kgf/cm2 at the
same temperatures. Conduits/manizioids are made made of sheet steel by

velding.

Slots in the leading edyes or wing and stabilizer have a
sizesdimension of 0.635 mma on upper surface and 0.173 mm on lower
surface. Are arranged/lccated siots at a distance with 1-50/0 of

chord from leading edge.

- g -

- AT .

PRIIE . W s
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The surface of nosesleadiny <age in frent of slot can be

shielded with the aid of convective system during the use of a cavity

of nose/leading edge near leauiny edge as air duct.

It is assumed that because ot large air speed, which takes place
through the slot, the water, waich leaks off backsago, will be blown

avay.

T R SO TR gt ) e o g RO WA
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Fig. 3.36. Schematic diayram or tas combined control system. 1 -

locking-reduction valves, 2 - oouauary layer control and
varning/prevention of thne .icingy ot leading wing edge, 3 - check
valves, 4 - boundary layer coutrol in trailinyg wingj edge, S -
emergency fuel system vaive or leaaing and trailing edges, 6 -
boundary layer control and warnings/prevention of the icing of the

leading edge of stabilizer.

Page 142,

The weight of instalilataion for boundary layer control and

wvarning/preventing the iciny composes 20/0 cf gross weight.
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Warning/prevention of 1ciny can be also practiced during the

testing of engines on tne eartn/yround before the takeoff.

Takeoff and landiny dare completed usually with the connected
boundary layer control systeus, moreover autcmatically begins to work

the warning system of iciny.

It should be noted tuat auring takeoff and landing with boundary
layer control is utilized the maximum air pressure, selected/taken
from engines, so that simuitaneously there is a maximum possibility
of warning/preventing the iciuy. Ine valves of the decrease cf
pressure vork only duriny waruing/grevention cf icing. The start of

this system occurs by haod in aill rlight conditioms.
7. Thermal de-icing systeas of periodic action.

The de-icing systeas of periodic action according to their very
operating principle are more econoamical from the point of view of

energy input 1,

FOOTNOTE 1, The first Soviet thermoelectric de-icing system of
periodic action, which obtdaineu wiae acceptance, was created in
design bureau of A. N. ilupviev (pby specialists K. Ye. Polishchuk, A.

S. Payshteyn et al.). ENDFUUTNUIL.

i
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Pig. 3.37. Device/equirment of the combined boundary layer control

system and varning/prevarntion or icing. 1 - reduction valves, 2 -

check valves, 3 ~ air bleed rrouw eugine.

Key: (1). Warning/preveantiva or icingdg. (2). UPS. (3). Flap and

aileron. (4).

wing panel. (5). Warniny/prevention of icing. (6).

of root of wing.

Page 1413.

This savings is caused not oniy oy the fact that heating its

elements/cells is acrcoapiisned/realized periodically, but also fact

Warning/prevention or icing nose/leading edge of outer

Nose/leading edge

L i
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that for removing alreauy formed i1ce is required to melt its only
thin layer, directly adjaceut to skin/sheathing - the
disturbance/breakdown (or wecakeniny) of the cohesion/coupling ice
with surface they contripute to 1ts dropring under the action of

aerodynamic forces.

Important advantags or tnis tvype of systems is also the smaller
dependence of the energy consumed by them on the conditions of icing
(vater content and temfperature of surrounding air). If for the
systems, antiicing, consumed by tuem a quantity of heat the greater,
the greater the intensity ot the increase of ice and the lower the
temaperature of surroundingy air, then for the systems of periodic
action the significant role plays only temperature, since from it
directly depends during tae permainent cycle of the cperation of
system calorific requirement ror neating of the surface, covered with

ice, to (0°C.

One should in this case nute that this the temperature effect of
surrounding air somewhat less tnan in the systewms, antiicing, due to

the heat-insulating projerties orf the formed layer of ice.

Since the distance of ice 1is accomplished/realized more easily

with its larger thickness, accomplishing flight under conditions of

intense icing does nct jresent sucn difficulties for the systems of
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periodic action as for the systews of continuous hzating.

The fundamental objectiou, waich they usually voice ayainst the
uses/application of de-iciuy systews of periodic action, consists in
the fact that in each speciric case it is necessary to determine,
what with the operation cf system 1ice formaticn is permissible inu
flight. For the systems, whicn work with permanent cycle, setting the
thickness of the permissiviec layer of ice, is determined under the
design conditions of icing (with tnat accepted theoretical rate of
ice build-up) . For systems wWwitu a regulatle cycle of work this
checking it must be made with tane waximum thickness of ice whkich

allovws/assumes the contrci.

The fundamental reguilcwment waich is presented to the de-icing
system of periodic action 1t consists in ensuring of the complete
removal of ice per cycle of the operation of system and not allowing

the formation of "barrier" ice.

Let us note that tuae uasatisiactory results, obtained during the
tests of the initial versious ot cyclic thermcelectric systenms,
created in their in the series/row of aviation specialists negative
to them relation, in spite ot tne positive data of the first
theoretical studies (M. irayous, F. V. Veyner, A. S. Zuyev. R. Kh.

Tenishev et al.).
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Page 144,

Only the great experimental and test workt!, carried out both outside
the boundary and on experimental designs2, it showed that during the
correct identification of the parameters of cyclic de-icing system it
is possible to ensure its aiyn eifrectiveness and

efficiency/cost-effectiveness.

FOOTNOTE !, Fundamental works iu tuls region cutside boundary were
made by the English researchers oi the firm Nepir (R. D. Krik, B. T.
Chiverton et al.).2. Ip majority or works indicated which were made
by design bureaus of A. N. lupolev, 0. K. Antoncv, S. V. 1ltyushin,
for author it was necessary to dccept direct participation.

ENDFOOTNOTE.

Besides the savings oL enerLyy, cyclic deicer gives the
possibility to warm only the small part of the surface of the leading
edge of wing or tail assembly (a Llittle more than the zone ot

capture/grip).

As showed experimentais rligyants, for fulfilling of fundamental

requirement indicated above the de-icing system of the periodic

i e Ao < St aoiondll

[N
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action:

a) must provide higyu late neating and coolings of the shielded

sur face;

b) have on the leadiny eugye or wing (or tail assembly) the

so-called thermal "knives" of tne permanent action;

c) must provide the cegulation of the cyclic recurrence of the
operation of system (i.e. the time of the inclusion and
disconnection) dependinyg on tue temperature of surrounding air and

icing intensity.

The first two conditious are unecessary fer rapid or, as they
say, the "shock™ jettisoniny vf ice, also, for the
exception/elimination ot tune runcfi of water over surface for the
varmed zone, since the runorf of water leads to th2 formation of

fharrier” ice.

o

. -
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Fig. 3.38. Ice on the nos2/ieddiny edge of stabilizer.

Page 145,

The third condition is necessary in order not to allow the
formation/education of a iayec ci ice of dangerous thickness and
"barrier" ice, or for quarauteciny the most rational energy
consumption, Satisfaction oi tne tnird conditior can be
achieved/reached by the uses/appiication of certain permanent

"ccmpromise™ short cycle or tne operation of systen.

If in system is not fuiilisea any of the enumerated conditions,
then appears icing (Fig. 4. 36, 3.39 and 3.40). All photographs are

obtained in the connected de-icing systen.
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Three necessary ConditiousS alfe ROore simple to carry out in
thermoelectric ones, than i1n tae air-heat systems., A shortcoming in
the air-heat deicer is 1ts i1ueitness - slow heating upon start and
slow cooling after disconnection (rig. 3.41 and 3.42). As can be scen
from the graph Fig. 3.42 even at the identical specific power of
heating (Wya=1 W/cm2) the i1ntensity of heating in the air-heat
de~icing system considerably less than in thermoelectric. Fig. 3.43
gives the rates of heating skin of the nose/leading edge of
stabilizer under identical tliyht conditions (in "dry" air) for the
thermoelectric de-icing system, establisheds/installed on three

aircraft types (Tu-114, I1-13 and An-10).

The typical graph ot a changye in the temperature drop in tiame
with the operation of cyclic systeam is given in Fig. 3.44 for the
aircraft of An-10 whose cyclic recurrence ccmposes 40:120 (40 s it is

connected, 120 s it is switched oftt), and for the aircraft of Tu-114

with cyclic recurrence Z20:220.

T
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Pig. 3.39, Barrier ice on staviilzer.

Yy
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Page 146,
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Fig. 3.40. Barrier ice on padues of propeller and its cook. ;#
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Pig. 3.41., Rate of heatinj anu cooiing in "dry" air of skin/sheathing 2
'!:
of wing leading edge in air-neat de-icing system. 1 - An-10 (H=1700 i
/4
w, - - ka/h), 2 - Tu-1C4 (u=500u m, .  w ka/h), 3 - Il-14 (H=1500 b
l ) s, v, - kash).

Ke’: (1). -inc
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Pig. 3.42. Rate of heatiny skiu or wing leading edge in different

de-icing systems H=300 w. V,, 10

j W/cm2),

1 -

thermoelectric system ot tne wiay of the aircraft of Tu-114, 2 -

air-heat system of the wing of tme aircraft of Tu-104,

Key: (1) . s.

W/cm2), 3 - An-10 v -5 W/cm2) .,

Key: (1). S.

in thermoelectric de-icing system (H=35w

Pig. 3.43. Rate of heatiny skins of nose/leading edge of stabilizer

Vo =400 ka/h, thermal

"knives" are switched ofr). T w,-23 Wcm2), 2 - I1-18 w,, 12- 15

ORI . vty = TS, 0 PPN, - . uemea NGRS, S 55
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Pig. 3.44., Rate of heatiny and cooiing in "dry" air of skin/sheathing
of the nose/leading edge of stawvilizer in thermcelectric de-icing
system (H=5000 m, V..=400 kms/nh). 1 - Ar-10, cyclic recurrence 40:120,

2 - Tu-114, cyclic recurrence <VU:2.20.

Key: (1). s.
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Page 148,
Let us examine, whdt are reguired temperature drops in "dry’ ...
for cyclic deicars, in crusr to ensure their effective work und-=r

corditions of icing.

Pig. 3.45 giv=as temperatul s diops on the nose/leading edye i h

the stabilizer of the aircratt oL Tu-114, I11-18 and An-10 for itwn
versions of prototype systems - neating of cyclic element/cell
0.5-0.8 Wscm? initial wita the specific povwer and new with the

increased specific pecwer (tO <.3 w/cm? for Tu-114 and to 1.2-1.5

¥/cm2 for I1-18 and An~10). a5 we see, temperature drop sharply ¥

increased, approximately, to ou9 .,

Fig. 3.46 gives a chanye 1u tane derivative of temperaturs drojp~ ﬁ
. X

]

in time, which characterizes vy tacse of heating the noses/leadir;
edges of the stabilizer c¢f the aircraft indicated upon the star* »:

de-icing system. From grapn it 1s e<vident that the highest rate oFf

heating by 1-39C per seccnd has a deicer of the aircraftt of Tu-114.
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The tests of de-iciuy systews with the increased power cf
heating on all three aiircrart types indicated showed that the
distance of ice per cycle of ok was provided under conditicne of
icing to the ta2mperatures of surcrounding air c¢n the ordar of -20°2C.
In this case on th=2 airciatt or an-10 and I1-18 was noted the
appearance on the unheated part oi ths stabilizer under some
conditions for barrier ice ifiuws. But the aircraft Tu-114 in
conrection with the higner rate of heating and the short psrici of

the start (20 s) of this pnencmenon discecver2d did not have.

On the basis of the danalysis of the measured temperature rov:
and data from the work ¢t cyclic deicers under conditions of na<ural
icing it is possibles tc¢ consiuer taat the value of the rsquired
temperature drop, attained ror tne heating time, must in "dry" ai:
comprise not less than 6U%C at the rate of heatinyg by 2-3°C p=r
second, in order to ensure jJetcasoning ice in cycle at temperatuzc:
of surrounding air on tte oider oi -20°C. Under th= mcre severs
conditiors of icing, okviously, wiil be required large temperatur-

drops.

For that nsed in tnec series/ziovw of the aircraft of the so-cili-:

"sandwich® cons*ruction c¢i therLBocaiectric deicers ' is of int:=r-at
setting the connection/ccamunication of temperature drops witii *h-

required specific power or tne nheating of cyclic heating elzment
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(Fig. 3.47).

e «rm&"mj - '

POOTNOTE 1!, Se2 below taue aescription of tharroelectric de-icinj

syst2m. ENDFOOTNOTE.

From graph it follows that an increase in the effectiven=>ss orf
systam (increase in the temperaturec drop with shortening of +he
heating time) is connected with tne very large specific powers oI
heating element. This is a snortcoming in the system of the datum cf

construction/design and testarflies about its ccnsidarabls therrmal

inertness and large heat iosses in it.

-
3
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Page 149. at°C de

Atmgy°C
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Fige 3.45. Temperature drops on iditeral surface of rnoses/lcading
edges of stabilizer of gircrait Tu-114, I1-18 and An=~10 (H=5700 =»

vap W0 km/h) o
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Keys: (1) W/cm2, ({2). sS. (3). veirsion of systenm.

Fig. 3.46. Derivative At /dr of tewperature drcps on latzaral surfac
cf roses/leading edges ot stabiiizer with thermoelectric de-icin g
system (H=5000 m, V..=40 «ma/mn). 1 - aircraft of Tu-114, 2 - aiicral-

of Il-18, 3 - aircraft ot Au-1ue.
Key: (1). s.

Fig. 3.47. Maximum temfpelatule ALops Ma,x ON lateral surface of
nose/leading edge of stauvisiver depending on specific power cf cyclic

heating element w,,. {H=5000 m, V=u4U0 km/h).
Key: (1). version of system. (<). w/Ccm2,

Page 150.

The seconi important ractor vi an increase in the zffectivern- s
of cyclic deicer, as alreaay wentaioned, is the useyapplicatior of *L-
thermal "knives"™, which dare tne nairow continucusly warmed zcnes,
situated along leading e€dyc anua on the jcints of hzatiny clermen*=.
Such "knives" - divide anto parts the ice build-up forming on l=aiir;
edge and thereby they faciiitate 1ts drorping under the effect of ziv

flow (Fig. 3.48).
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Fig. 3.48. Th: standard dglaylaw oi cyclic leicer with thormel
"knives" (a) and the phctograpn (u), which illustrates the sc*:
longitudinal *hermal "knire" in riight und=r conditions of tha: .-+

{cyclic heatingy is switchneu oft).

Page 151,
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Table 12 yives the ocutiines, which illustrate the effsctivzn:oss

of cyclic deicer with "grpiile%, aiso, without it. [?

De-icing system with "knives"™ in Soviet aircraft construction ,%
was for the first time proposeu ana investigated by R. Kh. Tenishev

and author of this bcok on one or experimental designs, develcp:i oy

the collective or design pureau ovr 0., K. Antonov,

b e
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Table 12,
1)
VIpHHIHITHALHAA CXCMA LHKANMECKOT O HPOGiBoe0 1o LG by
Tennobodu |, HOm™
)
- dnemenm
YUNNUYECKO20 ) Inemenm
odozpeba YUKAUYECKO20
odozpeba
4 )
L Ge3 L iokas (6 [P NTE
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Key: (1). Schematic diagram oi cjyciic d=2ic .. (2). Element/cell ot

cyclic heating. (3). Thermal "xnife". (4). withcut "knifew. (9). wi-=:
"knife". (6). Diagram, which i1ilustrates icing of profile/airfoil

without start of cyclic heatiunygy. (7). Diagram, which illustrates
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icing of profilesairfoii waitu counected cyclic heating. (8). Air
cushion. (9). Ice is retaiueda. (10). Surface cf nose/leading edg=- is

freea. r
Page 152. :

During th2 d=evelopwment or cyclic de-icing systens for ¢he
sweptback wings (tail assewmuvliics) was voiced the opinion that in +hic
case the installation of the tnecrmal "knives"™ of permanent acticn is

( not necessary, since jettisoniung 1ce will be facilitated hy +he !
presence of the compcneat or air tiow, directed along the sﬁan ct L
wing (tail assembly) . Actuaidy/really, okservations of the 3
i trajectories of those jettisoned rrom the leading =2dge of the '
sweptback wing of the pieces ot i1ce attest tc the fact that the ;
’ component indicated contributes to the distance of ice in direction

on the wingspan. Howeveér, as showed special experiments on ths

stabilizer of the aircratt of Tu-114, thermal "knife" at the sweep

— e ..

angle of wing of 409 it proved to we necessary for the 2ffectiv:s wczk

of cyclic deicer. In sfpit2 or the large spscific powers of heating

(2.8 W/cm?2) at temperature or suirounding air is lower than =-15°C
deicer of right half the stapiiizes (where the thermal "knife" was
absent) it did nct proviue tne aistance of ice, while the deicer of

the left half stabilizei (wita thermal "knife") effectively dump=sd

{ ice within the tima, which uia not exceed 20 s.
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The important special Isaturespeculiarity of the operaticn -
cyclic de-icing systems 135 tue need for their timely start. Upon
overdue start the effectiveness ot the action of systems shdavyply

descends, and the distance of icec can engage not 20-49 3, as usual,

but several minutes, This 1t reguitres on the one hand of installa+?

on the aircraft of highly sensitive reliable ice-indicating
equipment. On the other naad, in recommendaticn for a pilot must ! -
introduced the indicatior about the start of cyclic de-icing syst-r:

either prior to the entiy ot aircraft into clcudiness when the minus

temperatures of surrcundingy aicr are present, cr at the very bagianin:

of icing.

One of important prcmisiny juestions is the development cf =z

signal indicator-automatic macnine, which ensures the automatically

timely start of de-icing sSystem ana control its work in depend=nce o

the icing intensity and teuperatuce of surrcunding air. It was un+i:
recently for designers yet impossiole to successfully solve this
Juestion mainly duz to the aosence of reliable ice-indicating

equipment,

Another problem is tae devecivopment of this cyclic air-neat

de-icing system which wcuiu make .t possible to considerably r=iuc:
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i the required quantity ct aot 4air, selecteds/taken from engines. Fij.

3.49 gives one of the possipnle schematics of the air-heat de-iciny 4
system of cyclic action with lonyitudinal thermal "knife'. r’
3 !
3
| As examples let us exawlne several typical thermoelectric é

de-icing systems, used cL contemporary aircraft.

Page 153.

The thermoelectric de-icing system of the tail assembly of th-=

aircraft of An-10 consists of tne heating elements of cyclic and
permanent heating. "thermal xn.ves" are arranged/located along =<h-=

leading edges of stabilizer and fim, and also on the joints cf ths

sactions, warmed cyclicaily. Ine diagram of the laycut of heatingy

elements is given in Fig. 3.5U.

The cyclic elactricai neatinyg elements/cells of stabilizer an:

fin are developed in 3 sectiovns, included consecutively/serially: ‘H
first the end sections ¢t stapilizer and the root section of firn, L
then - middle sactions, tuirtuer - the root sections of stabilizer ani
the middle section of fin ana tinaily the end section of fin ari
vasher.

|

_ ] The complete cycle or tae work of deicsr occurs thus for 4
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impulses/momenta/pulses. Feeu/supply of de-icing systenm is

accomplished/realized frcw wains of direct current by a voltages 27 V.

The cyclic inclusion of sections 1s provided by the programmer, which
assigns cyclic recurrence 40: 120 (each section 40 s is found under

voltage and 120 s - in tne de~-eneryized position).

The electrical circuit uiagyrams of cyclic heating eslements and

tapes of permanent heating - tacrmal "knives" are represented in Fij.

3.51 and 3.52.

the deicers of the noses/ieadaing edges of tail assembly are th-=

multilayer constructionsdesign, rormed by two metal covarings (wi+h

an external thickpess ot U.d mm and with an internal thickness of (.3 %7

mm) , between which is lccated: an electrical insulating layer (iwc f
layers of glass cloth witn a thickuess of 0.3 mm), “knife" heating i

element, second electrical insulating layer (two layers of glass

f; cloth with a thickness ct 0.3 wm), cyclic heating clement and th-orral

insulation layer (4 layers of ylass cloth with a thickna2ss of 0.3

mm) .

P e

=g

Cyclic element/cell is tae wice heater, which is of two brass

busbars/tires with the grid soldered to them frcm the constantan wire

with a diameter of 0.15 mw. in tae locations c¢f "knives" wire

I element/cell is not distant, 1.€., is provided the intensive heatinj
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of leading edges during tae work of cyclic sections.
The specific power cf cyclic ueating elements is permanent all

over heating surface and is 1.5 w/c¢m? on stabilizer 1 W/cu? cn

fuller's earth.

The longitudinal thermai "knives", arranged/located along svpalL i

of horizontal stabilizer aud 1in, are made frcm by the stainless

steel thickness of 0.2 am aud witn a width of 13 mm. Specific
electrical power of their neatiuny - 1.2 W/cm2, h
‘ 3
f-
5
£
i
£
§ t
1]
s ?
! |
i

=gt 7
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Fig. 3.49.

action.

Key: (1).

)
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Schematic of tue aicr-heat de-icing system of cyclic

Micro-ejector tuwe ror the cyclic supply of air.

Distributing pipe of theramai "&nite.

Page 154,

The transverse thermali "kpives" are also made from by the
stainless steel thickness of U.4 mw and with a width of 35 nmnm.

specific power of the heatiny of their -1.23 W/cm2.

The warmed zone occupres 7-1090/0 of stabilizer chord ani fin.

The thermoelectric ae-i1ciny system of the stabilizar of
aircraft of Tu-114 alsc cousists or the cyclically warmed
alements/cells and the therwal "xnives" of permanent heating

are arranged/located alony span ot horizcntal stabilizer.
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3 to the system =2xamined awove vr the aircraft An-10 this de-icirny

: system does not have transverse tuermal "knives",

The elements/calls or ta2 cyclic heating of stabilizer ar-:

broken in 8 sections, inciuued cousecutively/serially. Cyclic

feed/supply is provided Ly the special program unit, which includ:-:

the heating ot each sectiuvn on L0 s. During subsequent 220 s =he

' section is cooled.

The deicers of noses/ieading edges are the multilavar yi
construction/design, presscda dauring heating in vacuum, analocgcus *o
the deicers, establishea/installea on the aircraft of An~10 (Fij. 13
3.53) « Cyclic electrical acatiny ciementsy/cells are mads from th-
constantan wire with a diameter ot 0.15 mm, scldered to brass pow:r P

buses. In the center section of tae elements/cells under "knife" ¢«

wire is distant.

The space of the ccii/windiug Of wire - variablesalternatirna

provides the distributicn ot specirfic electrical powars of hea*ing

element in limits frcm <.9 wycom? (1t is dirsct in leading edge) to

R -

1.7 W/cm2 (at the end of the wacmed zone).

The thermal "knife"™ o1 permanent action, established/installel!

} | along span of horizontai stapilizer, is made frcm the brass foil with
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'
! a width of 20 mm. Specitic electrical power of the heatinj of "knii - X
|
‘ ‘ - 1.8 W/cm2, Feed/supply or cyciic heating elements and "knife" i
i i accomplished/realized frca waius or direct current by a voltage 27 V. [
: ¥
f '

! .
I b
I
;ﬁ | "'
s
{ ? -‘
f
| :
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Pig. 3.50. Diajram of tue layout or heating elements, which ave

located on the tail assewmuly Of tne aircraft cf An-10. 1 - erd
sections of stabilizer and4 root scction of fin, 2 - middlz sec-ic: -
of stabilizer, 3 - middle sectivn of fin and rcoet sections of
stabilizer, 4 - end section orf tin and washer.

Key: (1)« the zone of peraauneat aeating. (2). zone of cyclic hzati-i.

Page 155.

The power, consumed oy tnerwal "knife", composes 5.92 kw, cvclic

heating elements -6.6-6.9 Ku.

Fige 3.54 gives the Jrapn, wnich sheows distriobpution the

temperature drops accoruiliiy to cariying of stabilizer upon %te star-
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of cyclic and permanent heatinge.
For protection froam the iciugy of the tail assenmbly of aircra

#gritain®, "vanguard", "ALgyosy"™ aud seriss/rovw of other foreigrn
gosy

aircraft are applied elecrricadi neating coatings of the type

“"Sprayrat®,

made by the bkaglish rirm Nepir [a guess ] {51], [17).

o
P

-

Coatings Spraymat wlil oe Jdeposited directly tc skin/sheathin:

of the aircraf* coapcnents, saic¢luesd from icing, and are ceonnect::

the constantly warmed zcues andg tae zones of cyclic heating.

. SN

:
1
i
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| Fig. 3«57. Elactrical circuit diagyram o¢ the cyclic heating cf *.
f tail asseambly of the aircruit or Aan-10. 1 - lcngitudinal members

' permanent heating, 2 - cross meswu=is of parmanent heating, 3 -
2lements/cells of cyclic ancating, % - contactors, 5 - thermoswi<c. -,

6 - programmer, 7 - safety iuses, o - automatic machine of

protaction, 9 - switch. h

Page 156.
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Technolojy of the wanurtaciuice 0f coatings followiny., Is *“irs-
cleaned the surface of ncese/iwaduny edge by the method, analcjo.
the method of working/tieataeut oy sand blasting, will o2 depcuit o . !
1 layer of cement, alsc, tc 12U u layer of electro-insulation (clas

cloth, saturat=2d with liguaiu pirastic). Before +the vatch ot ylas:

cloth under it at several points, usually under tharmal "knivas",

embedded the thermistors ror tus protection of the warmed aircral-

components of superheatinj upon start on the sarths/grcund.

The gluing of fiber jyiass ifawric is accomplisnzd/r-ealized an: - !
1

F pressure with th2 aid or tue spcecial elastic tanks/ftalloons, irntl.- ..

by air, at *temperature cun tae viuer of 150°C. After drying ot surc ..o

it is grcund.

Further is produced the waianing of surface for
] arrandgement/position on tae nose oi electrical heating =21lermerts/c
in accordance with the sizes/ualucnsions, indicatad cn drawing. 7o 2
layer of insulation/isclation wiii be deposited separa<tional stil::
(with a width of 2-3 